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PREFACE 


The overwhelming majority of substances, that is, the millions of 
known organic and inorganic compounds, possess diamagnetic proper- 
ties, Diamagnetism, an inherent natural property, is masked by para- 
magnetism, ferromagnetism or antiferromagnetism in only a handful of 
substances, This prevalence of diamagnetism is due to the fact that an 
undisturbed chemical bond usually exhibits mutual compensation of 
electron spins, 

The study of diamagnetism should shed some new light on the struc- 
tural characteristics of chemical bonds and therein lies, in our view, 
the fundamental role of magnetochemistry at this stage of its history. 
However, such study has thus far supplied almost no answers beyond a 
purely technical method of veryifying structural formulas. This is be- 
cause, up to now, no method existed for using the experimental dia- 
magnetism data in probing the chemical structure of matter. The 
main reason for such a situation was the fact that magnetochemistry 
was burdened by obsolete fifty year old concepts and was totally devoid 
of contact with modern physical theory. 

The present monograph is primarily devoted to a novel method 
which we have developed for purposes of investigating diamagnetic 
properties, and to its practical applications, The presentation starts 
with a brief exposition of modern theory of diamagnetism, This is fol- 
lowed by a discussion of magnetochemistry as a method for investigat- 
ing the structure and nature of chemical bonds, including a detailed 
analysis of Pascal’s empirical additive scheme, That leads the reader 
to the realization of the need for an improved method which would be 
based on concepts of modern physics. We then proceed to a detailed 
exposition of our new approximate method which uses both the experi- 
mentally measured magnetic susceptibility and the polarizability (or 
refraction), The numerous examples given compare the results pro- 
duced by this method with those from more rigorous calculations and 
with experimental data. The validity, scope and limits of the method’s 
applicability are discussed, 

Next, the new magnetochemical investigation method is applied to 
the analysis of the available experimental data on magnetic suscepti- 
bility of diamagnetic substances, The compounds analyzed cover a huge 
variety of types of chemical bonds, Finally, some results of this study 
are summarized; as an example, we apply our conclusions to the anal- 
ysis of nuclear resonance data and illustrate the potential of this new 
magnetochemical method in the solution of fundamental problems of 
chemical physics, 
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We realize fully that the material presented in this book represents 
only the first step toward our goal. However, it would serve no purpose 
to delay the publication of the book untilall the answers are in, because 
that would require a protracted experimental investigation. 

Thus, the present monograph does not claim to exhaust the subject 
of diamagnetism. Our principal aim was to movethe magnetochemistry 
of diamagnetic substances off the dead center, and to show some new, 
still imperfect, but promising methods of analyzing the experimental 
data of magnetic investigations. Because this work is not a textbook, 
we did not omit debatable viewpoints and we hope that our effort to 
attract the attention of specialists to some of these problems will be 
of value to our readers. 

In conclusion, the author would like to express his sincere thanks 
to Prof. T. K, Rebane for a thorough discussion of the problems pre- 
sented here, for his review of the manuscript and for many valuable 
Critical observations and hints. The author would also like to thank 
Prof, M. V. Vol’kenshteyn for his review of the manuscript and for his 
useful criticism, as well as Prof. A. G. Samoylovich and Docent L, L. 
Korenblit for discussion and suggestions, Our sincere appreciation 
goes to many other associates whose assistance we sought in the prep- 
aration of the book, 


AUTHOR’S PREFACE TO THE ENGLISH EDITION 


At the present time, the study of magnetism moves in two princi- 
pal directions. The first approach, whose origin dates back to the 
middle of the last century, is based on measurement of static magnetic 
susceptibility. The second approach, the basic principles of which were 
first formulated by the author exactly forty years ago, is based on 
measurements of resonance absorption of radio frequency waves in the 
presence of a constant magnetic field. 

The great progress achieved in electronics has also had its impact 
on the development of the magnetic resonance approach, Due to the 
developments in electronics, in the last two decades the magnetic re- 
Ssonance approach has become one of the most powerful tools for the 
study of chemical bonds. 

By contrast, the magnetostatic approach developed so slowly over 
the same period of time as to create an erroneous impression that its 
possibilities were completely exhausted. However, there are no factual 
grounds for such a pessimistic appraisal. 

The present monograph presents a new magnetostatic method for 
the study of structure of chemical bonds, It would appear that this new 
method is useful in many cases, The application of this technique is 
illustrated by a number of examples, but its possibilities go far beyond 
the concrete cases presented here. 

The English edition basically conforms to the Russian edition which 
appeared in 1961, However, a number of corrections and revisions has 
been introduced, Thus, some corrections were made in Section 2, 
Chapter II and in Sections 6 and 8of Chapter IV. In addition, a new Sec- 
tion 3 of Chapter VI has been written for this edition, That section 
deals with the application of our method to complexes, Also, many 
misprints and minor errors of the original Russian edition have been 
corrected. . 

The English edition of the book will make the material available to 
a wider group of scholars interested in structural chemistry. This is 
a source of pleasure to the author who hopes that the English edition 
will prove useful in successful and speedy resolution of problems 
raised herein. 

It is also our sincere hope that this edition, contributing as it does 
toward the development of fruitful international scientific cooperation, 
will also help in achieving the great goal of peace, 

In conclusion, the author would like to thank the Edward Arnold 
Publishers, Scripta Technica, Inc., and the editor, Dr.C. P. Poole, Jr., 
for their initiative in publishing this book andthe care in its preparation, 


Vil J. G. Dorfman 
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Chapter I 


PRINCIPLES OF DIAMAGNETIC THEORY 


1, DIAMAGNETISM OF ATOMS 


In order to eliminate from the very outset the effects of orientational 
paramagnetism due to the intrinsic magnetic moment of an atom or 
molecule, we shall consider only those particles which are known to 
lack both a spin and an orbital magnetic moment. 

The effect of a magnetic field on an atom inthe 'S, state may be 
described by means of Larmor’s theorem [1]. This theorem states that 
in the presence of a magnetic field H, the angular velocities of all 
electrons change by the same amount, Let xbe the number of electrons 
in the atom. We shall describe their motions in terms of a cylindrical 
coordinate system, whose origin O is the nucleus, and whose z axis 
coincides with the direction of field 4. Thenthe motion of each electron 
is described by coordinates p, z and 9 (Fig. 1). 


Fig, 1, Electron motion (Larmor’s theorem), 


Now, the intrinsic angular velocities 2, of the electrons, existing 
before the field H is present, change (as a first approximation) by the 
game amount 


=e eH (1) 
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as soon as the field is switched on. The minus sign means that the 
vector of angular velocity (w) is parallel to field HW; m and ¢ are, 
respectively, the mass of the electron at rest and the velocity of light 
in vacuum, and e is the electronic charge. Thus, the new coordinate 
system which, relative to the original stationary system, is rotating 
with a constant angular velocity » about the z axis, preserves all the 
electronic motions in the atom in the same state as when H was zero. 
In other words, the entire electron aggregate in the atom precesses as 
a whole around the direction of field H at a constant angular velocity 


It should be emphasized that Larmor’s theorem holds only under the 
following conditions: 1) effects proportional to H? and higher powers 
of H must be negligibly small, and 2) the atomic nucleus can be con- 
sidered at rest. Larmor’s theorem follows directly from two premises, 
The first of these is the fact that the potential energy of the atomic 
electrons, which depends on their position (coordinates), obviously 
remains unchanged when all the electrons rotate uniformly about an 
axis passing through the nucleus. Second, each electron in the field H 


is acted upon by the Lorentz force F,, = — [aH], where 01s the electron 


velocity in the stationary coordinate system. The Lorentz force is of 
opposite sign, but numerically equal to the Coriolis force acting on the 
electrons in a system which rotates at the constant angular velocity 
eH 

2mec * 

In fact, each electron inthe rotating coordinate system is acted upon 
by the Coriolis force Fx; = 2m [(v,w). If the electron velocity in the rotating 
system is v,, then %,—=— 9, — wo,. 

Neglecting the terms proportional to H?, we can write Fx ;=2m [Dp ,0]. 
Substituting the value of w into this equation, we get 


Qo=— 


Fi = — = [0H]. 


Thus, our Coriolis force is equal, but opposite in Sign, to the Lorentz 
force. This simply means that it is the Lorentz force acting on the 
moving electrons in the atom which causes the precession of the atom 
around the z axis, 

If the angular velocity of the i-th electron around the z axis in the 
absence of a field is 9,(¢), then the angular momentum of the electron 
a j, rd ({). The total angular momentum of all the electrons in the 
atom is 


J= ¥ mpre, (b). 


Since the angular momentum / has a corresponding magnetic moment 


p= > j, a magnetic moment M,)=5~J should correspond to the total 


angular momentum ofthe atom J. As we have seen the angular velocities 
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of the electrons around the z axis become equal to 4g, ()— fe in the 
2m 


magnetic field H, while the magnetic moment becomes 


H 
Mh Non © oat} ee (2) 


i 2mc 


However, as stated at the very beginning, we shall confine ourselves 
to atoms whose M,=0, i.e., which lack the intrinsic magnetic moment 
of electrons while in the ground state. Consequently, in the presence 
of field H, the atom acquires the magnetic moment 


Pu= or dye. (3) 


4mc? 


The magnetic susceptibility per mole of atoms is 


ee ye P; ' (4) 


where N is Avogadro’s number.* The bar over the summation sign 
means that we are using the time average of Dip? over all the possible 


orientations of the atom in its ground state. If the distance of the /-th 
electron from the nucleus of the atom is r?=x«?-+ y?+ z?, then in the 
absence of a field, when all the directions are equivalent and equi- 
probable, 


On the other hand,,?= x?+ y%, l.e., p?=377. Substituting this value of 
p? into Eq. (4), we obtain [2] 


a ee (5) 


“6mc2. 


We must stress ayain that this formula is applicable only to those 
systems in which Larmor’s theorem holds, that is, systems having 
either a spherical or an axial symmetry relative to an axis coinciding 
exactly with the direction of the field H. These requirements are met 
primarily by atoms as well as bycertain spherically symmetrical elec- 
tron clouds in molecules (we shall discuss this further in what follows). 


*The molar susceptibility » is expressed in the units of cm3/mole, 


4 Diamagnetism and the Chemical Bond 
2, DIAMAGNETISM IN POLYATOMIC SYSTEMS 


Let us now consider the magnetic properties ofa polyatomic system 
whose electron magnetic moment M is zero in the ground state and in 
the absence of an external magnetic field 74. The magnetic susceptibil- 
ity of this system is a tensor. The directionally averaged (molar) 
susceptibility ¥% is numerically equal to the trace 


1 = Leet lyy te) (6) 


where Yr YXyy Xz are the principal susceptibilities of the system. 
Then the quantity A, known as the ‘‘diamagnetic anisotropy’”’ of the sys- 
tem, is given by the expression 


2A*y = (Neg a Ve nig Cae i Lez) mae var — Yay (7) 
In his quantum-mechanical treatment of the magnetic susceptibility of 
polyatomic systems lacking a constant intrinsic magnetic moment of 


the electrons, Van Vleck [3] used perturbation theory and obtained the 
following expression: 


Ne? 
to at > (R | 70 uv — 4,0,|&) + 


+ 3 


bad N 
( sand om po btale é aad Jn iC Min ; 
“pan : EY) — £0 (8) 


Lk 


where ua and v pertain to coordinates x, y and z. Here, any operator ?P 
is expressed by the relation 


(e|PID= f YOPYar, (9) 


where ¢®) are the unperturbed wave functions ofthe system. Expression 

E;) —E\ gives the difference between the ground (k) and the corre- 

sponding excited (J) states of the unperturbed molecule. The directionally 

oe susceptibility 1s equal to the trace of the susceptibility tensor, 
e 


2 


= 
(eae 
Y=— rr (H1PH18 k) + ay >) EO wD . (10) 


IZR 


The first term of the above expression corresponds to the Larmor 
precession of the electron clouds in the molecule and describes the 
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‘‘pure’’ diamagnetism of the molecule. The second term of Eqs. (8) and 
(10) gives the quantum-mechanical effect of virtual deformation of the 
electron clouds; this effect arises inthe molecule because of an external 
magnetic field. The quantity (& Bd sa M, ‘) is the so-called off-diagonal 
matrix element of the magnetic moment operator (inthe direction of the 
field H), which connects the ground state k to the excited state /, 

Expressions (9) and (10) were derived by Van Vleck with the aid of 
the perturbation theory, allowing for the fact that all the wave functions 
are deformed in field #/, including both the ground state wave function 
~®), as well as the excited state wave functions 4), Thus, in the pres- 
ence of field H, the wave function of the ground state ©), becomes 
y, where 


ro 1 A(l| M, k) 
Y, = oO + > OAT (11) 
LAR EY BE’ 


and the wave function of the excited / state is 


A(R|Mz\!) 10) 


YF = YO y 

kf 

The calculation of the susceptibility by means of Eqs. (8) or (10) 

assumes that we know all the wave functions ?), 9), ... and all the 

eigenvalues of the system in the absence of the perturbing field H. 

Since these quantities are almost never known in practice, any half- 

accurate estimate of the second term of Eqs. (8) and (10) is usually 

impossible. For this reason many authors have simply ignored this 

term. Obviously, such an approach can only lead to gross errors, as 
we Shall see shortly. 

The only molecules for which we have some knowiedge of the wave 
functions are diatomic molecules. 

However, the quantum-mechanical calculation of molecular suscepti- 
bility can start not only with the perturbation theory method, but also 
with the so-called variational method, first employed for this purpose 
by Gans and Mrowka in 1935 [4] and then, independently, by Tillieu in 
1957 [5]. 

This method assumes that we know only the ground state wave func- 
tion « in the absence of field H. In the presence of a field, this wave 
function becomes 


y= Yo C1 + qH)= yy (1 + 9,f1,-+ qyHy + 49,H,). 


The values of coefficients ¢,, 9,, 7, may be determined by means of the 
variational method provided that the energy of the molecule in field 1 
has a minimum, The extent of the approximation is determined by the 
form of functions g(x, y, z). Gans and Mrowka [4] and also Tillieu [5] 
assumed a very simple form for g:q¢=a(u,v). Thus, Tillieu obtained 
the following expression for the components of the susceptibility tensor: 
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= 
Kuy ~~ net ae > (o [77° uv 4 | o) + (13) 
ar eae san — (| grad q, grad q,,| Yo). 


In further calculations the electron cloud of a molecule is represented, 
on the one hand, as anarray ofcertain number of bonds, each consisting 
of a pair of electrons and, on the other hand, as an array of electrons 
which are paired in the inner shells of the atoms. 

All the quantum-mechanical formulas for the susceptibility xX of 
molecules which are devoid of an intrinsic electron magnetic moment 
are characterized by the presence of two terms: the first of these, y,, 
is purely diamagnetic and expresses the Langevin diamagnetism; the 
second, y,, is of opposite sign and is, therefore, called paramagnetic, 
Formulas (9) and (10) actually mean that the deviation of the electron 
cloud from axial symmetry, occurringin molecules, hinders the Larmor 
precession. In its effect on susceptibility, the second term is equiva- 
lent to a type of paramagnetism whichis independent of the temperature 
and is not associated with the orientation of the intrinsic electron 
moments (as stated above, the intrinsic electron moment of the mole=- 
cules being considered is assumed to be zero). We shall refer to 
this effect as the Van Vleck or polarization paramagnetism. 

Van Vleck has shown that in the case of electron clouds having 
either a spherical symmetry or an axial symmetry with respect to 
field H, the paramagnetic term x, is equal to zero. Thus, it turns out 
that the paramagnetic term is related to the asymmetry of the electron 
density. By expressing the susceptibility as 


X=Xat Xp 


we arrive at the conclusion that X42 is a function of the average dimen- 
Sions of the electron cloud, while X, depends on the nature of the 
symmetry of that cloud. 

Gans and Mrowka [4] were the first to show that the magnetic 
susceptibility of polyatomic anisotropic systems can be approximately 
expressed as follows: 


ww NO gl pe Oo 2P 

hes ae Ly? 2 2+ |, | 
_ Ne? (22 — %2)2 

Xyy = — te b | x | , (14) 
=e Ne? (x? — y?)2 

X2z = —~ Gch b | Ey - $5 ’ 


where 
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In this case & is the total number of electrons in the system (molecule), 
and x, y and z are their distances from the axis of precession. Thus, 


Ne? = = 
hE pg ee Rly? + 27], 
Ne? = ee 
Ne? = _ 
ape oe 
and 
_ Ne2k (y? __ z?)3 
XPee 4mc? y? +2? 
_nete Gy 
Nyy ame? a8 xt eo 
x —_ Nezk (x? al y?)? 
Paz Amc? x? +- y? ? 


Relations (16) permit us to express Kies and Vie. in terms of the 


Xpyy 
corresponding components of the diamagnetic susceptibility Xdye’ Xdyy? 


tg. 


zz 


— 2 
a (ld,, — Ady y) 
Pex Xd yr : 
(Kd py — Yd,,)" 
Ypyy = ook i eR (17) 
dyy 
= dy y — Xdyy) 
‘Pra Ndzz 


In accordance with the assumptions made in their derivation, Eqs. (17) 
hold only if the deviations from spherical symmetry are small. Equations 
(17) show clearly that the Van Vleck paramagnetism is a direct result 
of the anisotropy of the Langevin diamagnetism, This anisotropy is 
described by the differences 


SXa.y — (Xa, = Xdyy)s Md ez = (Xdes = Xaz,)3 
Xd yy — (Lay, = hag): 


Equations (17) also show that itis precisely the deviation of the electron 
density of the system from spherical symmetry that leads to the appear- 
ance of Van Vleck paramagnetism, 

The average (that is, directionally averaged) Langevin diamagnetic 
susceptibility is obviously 
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wo NG pt ea (18) 
Xd = Smear RIX’ + y + 2°], 


and the average Van Vleck susceptibility is, 


ee" 4 (A7d x2)? a (Aya, .)? . 


kp ~~" 3 1 Yayy Vd yy Ide, 


(19) 


Equation (19) simplifies to a considerable extent when the system has 
axial symmetry. Let us assume, for example, that the axis z isa 


symmetry axis of the system. Then, Vig Tay Mhdy,=% 1,€.,; 


y 
Xp,, = 9 and dY¥a, = Axa,, = Azar SO that if we denote Yq, = ay, = hay and 


Xdep = Ady" we have 


— 2 (Avy)? 
Y= eee. (20) 
On the other hand, in this case, 
— 1 
Xa = 3 (2%ay + Xa,). (21) 
In expression (20), we may assume that 
Yay ae (22) 


since the deviations from spherical symmetry were assumed to be 
small, i.e.,]y,|<|y4|.Then Eq. (20) may be replaced by the approxi- 
mate relationship 


ne 2 (Aya)? 


Susceptibilities y, and y, are distinguished by the fact that they are 
both independent of temperature (provided the latter is not too high). 

If |y,|>/xal, then as first noted by Van Vleck [3], we have a para- 
magnetism which is independent of the temperature. * This type of 
paramagnetism is observed in many substances containing atoms of 
transition elements, where the 4 -functions of the excited states must 
take into account the virtual transitions into the unfilled d- and f- 
levels. We shall omit discussion of these substances, i.e., we shall 
confine ourselves to the cases where|y,| < |x, 


* In this case, of course, Eq. (23) is completely inapplicable, 
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Using the above-derived equations, Tillieu (as we have already indi- 
cated) calculated the numerical values of the susceptibility tensor of 
electron pairs in various bonds (C—H, C—C, C=C, C=C etec.), using 
wave functions of the type proposed by Slater. The parameters of these 
functions have been calculated by a number of authors (Slater [6], 
Coulson [7], Craig [8], and others), Since the values given by various 
authors differed, Tillieu’s susceptibility values have a spread of as much 
as 10% (Table 1). 

As we would expect from theoretical considerations, the values 
which fluctuate most are those ofthe components of the Van Vleck para- 
magnetic susceptibility y,, and those oftheanisotropy A. However, we 
cannot assume that one set of values is better than the other, because 
the methods of computation used by Slater, Coulson, Craig and others 
are almost equally valid, This is the case with the «-bonds C—C, C—H, 
etc. 

Table IV shows that the susceptibilities of saturated compounds (no 
multiple bonds) calculated from the data of Table I are close to the 
experimental values, Tillieu observed, from these data, that it is the 
Coulson parameters which agree best with experimental values, How- 
ever, Tillieu’s attempts to compute the susceptibilities of the ~-bonds 
in the same manner (cf. Table I, calculation method I) led to suscepti- 
bilities which were obviously high. Then, in the case of tetramethyl- 
ethylene, CsH,. , the calculation yielded values ranging from -69.34 to 
-72,92 x 10-°, while the experimental measurement gave -65.90 x 107°: 
for propene, the calculation yielded values ranging from - 34.90 x 107° to 
-37.79 x 107°, while the measured value was -30.7 to -31.5 x 107°, 

Because this discrepancy was due to the value of susceptibility 
of the x-bonds calculated by method I, Tillieu recalculated the value 
by method H. In this method, the susceptibility is calculated only for 
one-half space (one side of the nodal plane of the wave function of the 
m-bond) and the result is then doubled. In other words, in method II 
the molecular « -bond is mechanically replaced by two isolated atomic 
bonds. Tillieu thus obtained smaller susceptibility values, and hence 
was able to reconcile the computed and the experimental values 
(see Table II, calculation method II). The method used for o-bonds 
C—C and C—H was further extended by Baudet, Tillieu and Guy to s- 
bonds C—N, C—O, N—H and O-H (see Table Hil). This time, only Coulson’s 
wave-function parameters were used. As arule, thesegive the smallest 
bond susceptibilities and also lead to molecular susceptibilities which 
asree well with the experimental data. We should emphasize again, 
however, that this agreement does not in the least imply that Coulson’s 
numerical parameters are better than those of other authors. Moreover, 
it would appear that the general method of calculation of Baudet, Tillieu 
and Guy could be applied to ordinary bonds with an accuracy of the 
order of 10% (see Table IV), 

In the foregoing discussion we did not touch upon the so-called con- 
jugated bonds, which involve delocalized electrons (that is, electrons 
not associated with any individual atom), These electrons move more 
or less freely inside the molecule from one atom to another. Aromatic 
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Table [fH] 


o-Bonds C-N, C—O, N-H, O-H 
(Baudet, Tillieu, Guy [9]) 


Hybridization ~—A= : 
of atoms Xdyy" dzz" Xpyy"! =(vyy-Xz22z)x10 


Tetrahedral 


Orthogonal 
Tetrahedral 
Orthogonal 


compounds are typical examples of molecules containing such bonds. 
In these substances, the delocalized electrons (called 2 -electrons) 
circulate, and move along closed aromatic rings. In the absence of an 
external magnetic field, = -electron cur- 
rents of opposite direction circulate in 
each ring, so thatthe net magnetic moment 
produced is zero, The main characteristic 
of these currents is that each of them 
produces what amounts to a planar orbital 
(Fig. 2). In the presence of a magnetic 
field normal to the plane of the orbitals 
in which the electrons follow the path of 
the aromatic rings, each orbital precesses 
around an axis normal to the orbital 


FIG, 2, The benzene ring plane. The precession has a Larmor fre- 
quency 
cee eH 
= 2mc ° 


In other words, a unidirectional current is induced in an orbital of area 
S; this current is 


a eT ow. (24) 


4nzmc 


where # is the number of electrons moving in one orbital. This current 
produces in each orbital a magnetic moment 


ne?H 
4zmc 


M’ = — S, 


with a direction opposite to that of the external field. Thus, each pair 
of orbitals, i.e., the ring as a whole, produces a magnetic moment 
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_ ne?fi 
2nmc 


M= S, 


Table IV 


Comparison of Calculated and Measured Susceptibilities 


(Tillieu [5]; Baudet, Tillieu, Guy [9]) 


6 


Compound 


N-NENANS scare oe parva 72.68—78.9] 
2-MethyIpentane........ 72.68—78.91 
2,2-Dimethylbutane..... 72.68—78 .9] 
n-Heptane............. 83.97—91.27 
2-methylhexane ........ 83.97—91 .27 
2,2,3-Trimethylbutane... | 83.97—91.27 
> NONANC 3:56. on. Gara 106.65—115.99 
Cyclohexane........... 67.74—-74.16 
Methylcyclohexane ..... 79 .03—86.52 


Propane,............-- 32.42—35.31 Only method II was 
trans-Butene........... 43 .90—47.03 used to calculate 
cis-Butene ............ 43.90—47.03 the 7- bonds 
Tetramethylethylene.... | 66.36—70.47 ‘ 
2,4-Dimethylhexene..... 89.25—95.83 


2,4.7-Trimethyloctene. .. |123.12-132.91 


Plareaseie geese 75.27—83 .03 
pattie soet atin 75.77—82.76 


n-Butylamine .......... 09.24 Only Coulson’s 
n-Pentylamine ......... 70.58 parameters were 
n-Heptylamine ......... 93.26 used in the 


calculation 


n-dibutylamine ......... 105.07 
Triethylamine 


Ethanol ............... 


Propanol.............. 44.68 
Nonanol,.............. 101.37 
Methylal .............. 


Ethylal eee Tee Toes 


* In this and in all subsequent tables, the experimental magnetic susceptibilities 
cited without a reference have been taken from [126]. 


If all the molecules ofa given substance are oriented (in the same way as 
the one we have just considered) prior to the appearance of the field, 
then the substance acquires a (molar) diamagnetic susceptibility in 
the direction normal to the plane of the aromatic rings 


—NM = Nnerll ¢ (25) 


Qc 


Xy ar 
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where N = Avogadro’s number. Since, as we have indicated above, 
these orbitals are planar and are closely associated with the plane of 
the aromatic rings, a field parallel to the plane of the rings produces 
no such effects at all, i.e., 


Xj ar — 9- (26) 


The above interpretation, first proposed by Pauling [10], is of course 
only a rough approximation of the actual phenomena, 

The quantum-mechanical interpretation of diamagnetism of conju- 
gated electron bonds was first presented by London [11]. His method of 
calculating the anisotropy of the x-electron diamagnetism is based on 
the method of molecular orbitals. London’s method was later improved 
and allowed the calculation of diamagnetic anisotropy of very complex 
molecules [12], [13], [14]. 

In addition to the molecular orbital method, the metallic model has 
often been used for calculating the diamagnetism of conjugated x -bonds. 
The first calculation of the diamagnetic susceptibility of some aromatic 
molecules is due to Vol’kenshteyn and Borovinskiy [120]. The dia- 
magnetism calculation due to Rebane [15] appears to be the most 
rigorous one of those which assumed the metallic model. 

In that model, it is assumed that the x-electrons are fully collective 
(that is, completely delocalized) and are able to move with complete 
freedom along the conjugated bonds; the latter are thought of as 
infinitely narrow tubes whose surfaces present an infinitely high 
potential barrier. 

The estimation of susceptibility is carried out by means of a one- 
dimensional Hamiltonian which allows for the perturbation caused by 
the homogeneous magnetic field. Calculation shows that the values of 
the x-electron orbital energy in a single cycle molecule existing ina 
homogeneous magnetic field H are given by the expression 


_ QtknetSH , RetS?H? 
E,= Et mcL? 2mc2zL3" (27) 


where /=0,1,2...is the quantum number of the orbital; S is the area 
of the molecular ring; L is the circumference of the ring; and & is the 
number of x-electrons on the ring. 

In Eq. (27), the second term on the right-hand side reflects the 
paramagnetism due to the orbital momentum, while the third term de- 
scribes that diamagnetism of the n-electrons which concerns us, 

The diamagnetic susceptibility of a single molecule ai ,» in the 
direction normal to the plane of the ring is 


_ PE, Re* S? 
X) 2 OA? > — net 


The molar diamagnetic susceptibility is then 
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NketS2 (28) 


xy nacht 


If the circumference of the benzene molecule is 6a atk = 6, then the 
molar susceptibility of benzene will be 


27N e3qa? 
Nye Det (29) 
in the case of a circular model, and 
9Nera? 
Xp x 8mer_? (30) 


in the case of a hexagonal model. 
Thus, if the radius of the benzene ring=a@ = 1.39A, we obtain for the 
circular model 


Xy = 44.7- 107%, (31) 


In the case of the hexagonal model, the length of one side is again 
1.39A and we obtain 


X) 2=— 36.7 - 107% (32) 


In the case of polyacenes containing 6 rings, 


6b? 
Xby 2 Sba1 Are (33) 


Thus, the metallic model and the molecular orbital method yield some- 


what differing values in the case of the ratio Kade B 
aa tT 


Table V 
Metallic Method of | Metallic Method of 


model molecular = { model molecular 


{15] orbitals [13] | {15] orbitals [13] 


However, both the method of molecular orbitals anda more complex 
version of the metallic-model method (the so-called method of the 
branched metallic model) indicate that in the case of polycyclic mole- 
cules, the susceptibility of the &-th x-orbit, depends on & not only 
as far as magnitude is concerned but also with relation to sign. Thus, 
one finds that special cases can exist where x‘, is not negative 
(i.e., diamagnetic) but, rather, positive (i.e., paramagnetic). 
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Recently, this problem was the subject of a special review by T. K. 
Rebane [16]. 

Let us assume a polycyclic molecule whose energy level spectrum 
may be considered to be the result ofdoublet splitting of the degenerate 
levels of the monocyclic molecule caused by some nonmagnetic per- 
turbation. Then it turns out (assuming the doublet splitting is suffi- 
ciently weak) that the susceptibility x, , is diamagnetic for the upper 
and paramagnetic for the lower sublevel of each doublet. This phenom- 
enon is due to the fact that, doublet splitting being small, the Van Vieck 
susceptibility term, which is proportional to the reciprocal of the 
splitting value (E,—£,), becomes numerically larger than the Langevin 
term, However, the Van Vleck term is positive for the lower sublevel 
and negative for the upper one. Thus, a relationship can be established 
between the number of zx-electrons and the sign of X,, for a molecule 
having an energy spectrum with a weak doublet splitting. If the number 
of r~electrons in the molecule is n= 4!+-2, then each pair of doublet 
levels is either completely filled, or completely empty. In this case, 
X,. Would be diamagnetic, If, however, n= 4il, only the lower sublevel 
of one of the doubletsis occupied by electrons, so that paramagnetism is 
produced. 

If the doublet splitting is very weak, then the energy difference be- 
tween the ground and the excited levels (contained in the denominator 
of the Van Vleck expression) is zero, and hence the paramagnetism 
becomes very significant, 

Thus, all aromatic molecules having an energy spectrum of this 
type can be subdivided into two groups: 1) molecules with a normal 
X,,» 1.e., with a diamagnetic r~electron susceptibility (n= 41+ 2); and 
ay molecules with a low diamagnetic or even paramagnetic y me 
(n= 4), 

Rebane has extended this treatment to other polycyclic compounds 
and, in particular, to polyacenes and molecules derived from them by 
the formal replacement of some of the benzene rings by others con- 
taining a different number of members (for instance, 4, 5 or 7). If the 
internal bonds are neglected, these molecules may be considered to be 
monocyclic with degenerate energy levels. The presence of internal 
bonds shows up as the doublet splitting of the degenerate levels. 

Thus, a marked r-paramagnetism or a reduced r-electron dia- 
magnetism would be manifested by such aromatic compounds as penta~ 
lene, heptalene, biphenylene and other molecules in which the number 
of r-electrons is equal to 4/, 

When a benzene ring is fused to such a molecule, the number of 
nm ~electrons is increased by 4 and, therefore, the molecule still remains 
“‘anomalous.’’ Moreover, the benzene homologs of the above mole- 
cules should also exhibit anomalous paramagnetism. Nevertheless, the 
addition of new benzene rings increases the number of completely 
occupied doublet levels in the molecule; thus, it should result ina 
quantitative decrease of the x-electron paramagnetism because the 
total diamagnetic contribution is increased. For this reason, the 
anomalies exhibited by the magnetic properties of pentalene, heptalene 
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and biphenylene should be less sharp in their benzene homologs, Table 
VI shows the calculated values of 8 for some of these anomalous 
molecules; these calculations confirm the above interpretation. Un- 
fortunately, at the present time we do not have any experimental data 
to compare with these theoretical values. 

Table VI 


Method of Branched 
Number of : 
Substance molecular metallic 
m-electrons : 
orbitals mode] 


Pentalene 
Heptalene 


Biphenylene 
Dibenzo-1,2,4,5-pentalene... 
Dibenzo-1,2,6.7-heptalene ... 
Dibenzo-2,3,7,8-heptalene. . 


3, MAGNETIC PROPERTIES AND ROTATIONAL 
SPECTRA OF DIAMAGNETIC MOLECULES 
IN MICROWAVE SPECTRUM 


It is readily seen from the theoretical considerations of the preced- 
ing paragraph that the molecular diamagnetic susceptibility y may be 
represented as the sum y= x,-+ Xp, Xa being basically a function of the 


factor a, i.e., of the average ‘‘dimensions’’ of the electron clouds; 


X%,, On the other hand, is a function of the density distribution in these 
clouds, i.e., of the nature of their symmetry. 

Because the x, is such a complex function of the structure of the 
system, a rigorous theoretical estimate of this quantityis very difficult. 
The approximate theoretical calculation is not reliable because y, is 
extremely sensitive to the structure. This isone reason why an experi- 
mental determination of y, would be so useful. However, this would 
involve Eq. (10), the expression for the susceptibility; in that equation 
the terms y, and xy, do not depend to the same extent on the field 
strength H and the temperature, and thus, their direct separation by 
experiment is impossible. 

Weltner [17] has shown that some information about y, can be 
derived from experimental data on the rotational spectra of molecules. 

Wick [18] was the first to point out that it is necessary to take y, 
into account in calculating the magnetic moment acquired by a molecule 
in rotational motion, Indeed, let us consider a diatomic molecule 
rotating around an axis normal to its axis of symmetry. The rotation 
of the entire electron array around the z axis at constant angular 
velocity 2, is equivalent to an effect of some magnetic field on these 
electrons 
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However, in addition to the rotation, this field H, should also produce a 
polarization of the electron shells, i.e., a magnetic moment (which in 
this case is given per molecule) 


“fan H,, (34) 


Pz el = 


Furthermore, we know from the theory of rotational spectra that 


h2, = 2B, 
whereby 
h? 
B — 2, 9 


J, being the rotational quantum number and /, the moment of inertia of 
the molecule with respect to the 2 axis. Thus, 


2mch 


Yezz 
eel = — ype ae (35) 
but 
” Mejusl Oi Net SV elie P 36 
Xpo2 = 2N >; EY) — 70) ~~ Omer? Eo Fe ( ) 


where /, is the component of the angular momentum along axis z, 
Hence, 


he MAU OP (? (37) 


/ — 
pb, el Ime EO) — EO EO 9 


2 el ele (38) 


If the diamagnetic effect produced by field H, is exactly cancelled by 
the rotation of the molecule, then the contribution of the electrons to 
the rotational moment of the molecule is limited to p»,.21. In addition, 
there is a magnetic moment caused by the rotational moment of the 
nuclei p,,, so that the total observed rotational moment of the mole~ 
cule is 


bp = Pentel: (39) 
If g,, 18 the electron Lande g~factor (a tensor) and M, is the mass of 


the proton, then for the Van Vleck component of the susceptibility, 
we obtain the expression [17] 
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a Ne? l Vy, 
Xp — Smo | 2M, >; Eile ; (40) 


Let us keep in mind that in this expression we assume that the pre- 
cession of the valence electrons takes place around an axis passing 
through the center of mass of the molecule. Such an assumption would 
not hold for molecules other than diatomic ones, because for the latter 
Brr=8yy While g,.=0. We shall return to this problem later on. 

Expression (40) shows that in order to calculate y,, it is necessary 
to determine both g’ and /, experimentally. The moment of inertia /, 
of a diatomic molecule relative to an axis passing through its center of 
gravity may be determined relatively reliably from spectroscopic data. 
The quantity 8,» OF more accurately, the tensor components g’,, ga 
and g’, are best determined from data on the Zeeman effect in molec- 
ular beams, However, what is actually determined in that case is not 
the g,, of the electrons, but the total g-factor, equal to g’,+¢",, where 
g’, is the contribution of the nucleus to the total molecular Lande 
g-factor. Thus, it is necessary to separate g’ from the total g-factor, 
which cannot always be done with sufficient accuracy. 

A more convenient source of information on x, is the hyperfine 
structure in microwave molecular spectra. A detailed theory of this 
method was advanced by White [19]. The appearance of hyperfine 
structure is due to the interaction between the nuclear spins and the 
rotational magnetic moment of a molecule. 

The energy of this interaction includes a term which is a function of 
po = » cer Je CO ; @is, in turn, characteristic of Xp [see Eq. (36)]. 
However, in the expression for energy, this quantity appears as multi- 


plied by (=). where r is the distance between the electron and the 
r 
corresponding nucleus, Thus the experiment yields only 
I (a |s21DN 1 
= FO Bo — 7 ®. (41) 
and the desired value of x, can be opined only if (= )is theoretically 


calculated. 
Table VIL gives values of ® calculated by White from molecular 
spectra [17]. The parentheses following the figures enclose the nucleus 


for which the value of ® was calculated, The values of (= ) calculated 


by Barnes and Smith [20] were used in this calculation. 
It is thus possible to calculate x, by method I from the formula 


Ne? 1 rp] — . 1 Q10 se : 
to = — ner] ay |= 2.832 « 10 jar, 24 £4 ta emu units (42) 
& 


and by method II from the expression 
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Ne? 
= o712 DM — 93 . 1037, (43) 
Table VII 
®.1043 g-cm? [19] Molecule .1079 g.cm? [19] 
pyi27 0.67 (I) CH3Cl1?? 1.24 = 
2.08 (Cl) 
35 
CIF a Se 1.16 (Cl) 
3.33 (Cl°’) 0.88 (C1) 
cs33 4.06 (S) 0.85 (N) ve 
6.35 (Tl) 1.54-107* (H 
20707135 
Thee! — (Cl) 1.52-1072 (H) 
017¢ 12532 9.75; 1.90 (O) * 1.52-1072 (D) 
016¢ 12533 1.78 (S) 1.88-1072 (F) 
016C125¢79 3.75; 2.27 (Se) * 1.87 -107! (F) 
HCN!4 2.98 (N) “4 
0+2.63-10~° (F) 
DCN! 4 2.92 (N) 
CIS5CN14 5.55 (N) —RbS5F 19 3.85-1071 (F) 
C135CN14 1.70 (Cl) Rb87F19 4.90 -107! (F) 
CIS5CN15 9.04 (Cl) CsF!9 6.65-107! (F) 


* The two values correspond to different experimental data. 


Weltner [17] compared some susceptibility values calculated by both 
methods, and considered method I more reliable. However, the method I 
can give unequivocal results only in the case of a diatomic molecule 
where the nature of rotation can be definitely determined. 

Even with the simplest linear polyatomic molecules, it is difficult 
to compare processes observed in the rotation of the entire molecule 
about its center of gravity with those phenomena which are character- 
ized by magnetic susceptibility. Long, large molecules do not rotate 
as whole rigid bodies even in liquids, let alone in solids; while in 
magnetic fields, only the electron clouds precess about their own 
centers of charge. 

Even though this is not explicitly stated, Weltner’s attempt nonethe-~ 
less tacitly assumes that such molecules rotate asa whole ina magnetic 
field; thisis bound to resultinextremely high values of both the moments 
of inertia / and susceptibilities y, and y,. 

For alkane molecules, Weltner obtained by calculation the following 
excessively high susceptibilities: 
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where x, increases even faster than y,. 


Apparently, neither of the above methods can give a precise and 
direct measurement of y,. Inthe caseof diatomic molecules, however, 
both of these methods can be useful as independent ways of approximately 
evaluating the Van Vleck (high-frequency) component. 


Chapter I] 


MAGNETOCHEMISTRY AS A METHOD FOR 
INVESTIGATING THE STRUCTURE OF 
CHEMICAL BOND 


1, PASCAL’S MAGNETOCHEMICAL SYSTEM 


In 1888, while studying the magnetic susceptibilities of some homol- 
ogous series of diamagnetic aliphatic compounds, H. Henrichsen [21] 
observed certain regularities which allowed the assignment of definite 
susceptibility values to individual atoms. This, in turn, allowed a very 
rough estimation of susceptibilities of compounds, in accordance with the 
principle of additivity. 

In 1910, Pascal [22] completed an experimental investigation of a 
large number of organic compounds and presented an elegant additive 
scheme relating the magnetic properties of diamagnetic organic 
compounds with their structure. 

Whereas Henrichsen expressed the susceptibility of a diamagnetic 
organic compound, x, by the purely additive formula 


are (1) 


(where y, are the susceptibilities of the individual atoms comprising the 
molecule), Pascal’s scheme, expressed by the formula 


Y= D+ DA (2) 


introduced an additional term > A, Which contained the corrections due 


to the structural characteristics of the given molecule. Because of these 
corrections, Pascal’s formula permitted a much more accurate cal- 
culation of susceptibilities than did Henrichsen’s. 

The problem of the physical meaning of the additivity of suscepti- 
bilities of diamagnetic compounds was considered earlier in the 
classical work of Langevin [23}, Assuming the additivity as a firmly 
established fact, Langevin inferred from it that allthe electron orbitals 
should precess freely about the direction of the field, even when the 
atoms to which they belong are bound in molecules, 

It would be of interest to try to explain the physical meaning which 
Pascal’s additivity scheme acquires in the light of the modern (Van 
Vleck) quantum-mechanical theory of molecular diamagnetism (see 


22 
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Ch. I, Sect. 2). This theory represents the magnetic susceptibility 
of a diamagnetic compound as 


i 
Ne? NY TALP2ID 
st dy ‘ale ny EO) EO)” EO) ' (3) 


while Pascal’s scheme represents it as 


' Cas 


Y= 2x, DS» (4) 


The outward similarity between these two equations is immediately 
apparent. It does not follow, however, that the term >) y, corresponds 
to x4, and that 5}; corresponds to y,. This is because Pascal’s scheme 


was designed for a very specific purpose. It was to serve as a practical 
method of analyzing the structure and composition of molecules. Every 
atom (C, H, N, O, etc.) was assigned a unique value of y,, while the 
corresponding very definite structural corrections \ for the various 
structures (double or triple bond, aromatic or aliphatic ring, etc.) 
were experimentally determined. 

The availability of tables of these values permits the a priori calcula- 
tion of susceptibility for a given compound under various assumptions 
and the comparison of these values with experimental value. 

As the experimental material accumulated, the number of the 
correction factors \ grew steadily and the analytical method became 
increasingly cumbersome. On the other hand, as the number of A 
values increased, the numerical difference between them diminished, 
and hence, the accuracy of the method was also reduced, 

In order to restore the practical usefulness of the method, Pascal, 
Pacault and Hoarau [24] revised the entire scheme in 1951. They 
selected more convenient values of y, and were thus able ta_reduce the 
number of the correction terms \. The scheme was thus considerably 
simplified and improved to make it correspond more closely to the 
experimental data, 

The extent to which the new Pascal scheme was simplified can be 
seen from a simple comparison of some old and new values. Thus, for 
instance, the old scheme had six distinct types of bonds for the O atom 
in organic compounds, a different value of y, being assigned to the O 
atom in each of these cases, viz., 


—O—single bonds to two different C atoms. ....... —4.6 
O= double bond in ketones and aldehydes ........ +1.73 
O=— double bond in the carboxyl group. ......... 2.0 
O inamides......6--+-e+-e-. Secteeran lee Wh ter aries Bice: ree ARee 
O indiamides andimides .........6-e+2406--6 +2,6 
© inbondto Nina nitroso group .......+6e-..- +06 


In the new scheme, the oxygen atom is assigned a single value, -5.3 x 
107°; in addition, the whole carboxyl group C=0 is given a value of 
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O 

~6.4 X 10°, while the group ok in acids carries the value of -15.15 x 
O 

10°°, 


The general outline of the new scheme is as follows: 


Atoms, and groups of atoms 
N 


Cl 
Br 


Table I 


~x ,10° 


Atoms and groups of atoms 


C=O (aldehyde and ketone) 
-O 

Cc (acid) 
O 


ring ring 


The supplementary structural correction to the methyl group, intro- 
duced in the new scheme, allowed differentiation between branched and 
unbranched isomers. 

The extent to which the new scheme has been refined is readily evi- 
dent from the comparison of experimental data with the susceptibilities 
of alkane isomers calculated by the new andold systems (see Table III). 


Table II 


Table Ill 
~x-10° -x-10° 
Substance = Nave 10° | calculated calculated 
(old scheme) | (new scheme) 


n-Heptane.............. 85.5 88.88 85.8 
2-Methylhexane ......... 86.24 88 .88 86.35 
2,2,3-Trimethylbutane.... 88.36 88.88 88.05 


Using all these data, Pascal et al. [24, 25] recalculated the bond 
susceptibilities based on the principles employed in the case of molec- 
ular refractions, The recalculated susceptibilities are shown in Table 
IV. 

Table IV does not account for the above~mentioned special structural 
features of the methyl group; this fact is, of course, reflected in the 
accuracy of the calculations made with the aid of the table, especially 
in the case of isomers, To correct this, it is apparently necessary 


Magnetochemistry 25 
Table IV 


aoa efealafonnfreeolefe feral et 


to assign a higher (by -0.285 x 10°) magnetic susceptibility to each 
C-H bond in the methyl group. 

The new system allows a sufficiently accurate calculation of the 
total susceptibility of organic compounds; in many cases, it becomes 
possible to verify the structural formulas of these compounds. 

Does it necessarily follow, however, that the atoms of a group or 
bond really possess the susceptibility attributed tothem by the scheme? 
Not at all. This is clearly evident from the simple fact that, in many 
cases the old system gave as accurate a value of x as the new one, 
even though the numerical values of x, were very different from those 
assigned to them by the new scheme. The values of y,, as well as © 
those of 4’, with which these additivity systems operate, differ from 
one another because they are arbitrary (and, therefore, artificial) 
quantities without any real physical meaning. Thus, for instance, we 
have seen that in the old scheme the oxygen atom had six different 
values of x, depending on the type of the bond, while in the new scheme, 
only one value of yx, is used; yet, none of these seven values is neces- 
sarily the true susceptibility of O. Exactly as arbitrary are the values 
assigned to the susceptibilities ypong. Obviously, neither the old nor the 
new Pascal system can serve as a method for the further exploration of 
the structure of individual bonds, even though these schemes are, in gen- 
eral, quite useful in checking moderately complex structural formulas. 

Later, Pascal [24], and especially Hoarau [27], developed an 
additivity system which allowed the calculation of not only the direction- 
ally averaged total susceptibilities y, but also of the anisotropy of the 
total susceptibilities of aromatic compounds. 

Let us designate by y,, and X,. the experimental value of sus- 
ceptibility components parallel to the plane of a molecule, and by 


1 
Xy exp =F (Xr Xo) the average of these components. Hoarau [27] has 


shown that a number of aromatic compounds follow an approximate 
empirical relationship between y, ex, and the value of })x, calcu- 


lated by the new additivity scheme, viz., 
] 
Xi exp — Xn + Xyo) = > Xa teal, 


where 2zn is the number of sp? -hybridized carbons, i.e., carbons parti- 
cipating in aromatic bonds (6 in the case of benzene, 10 in naphthalene, 
etc.), and / is an empirical factor ranging from -3.5 to -3.97 - 107° 
in the various compounds studied (see Table V). 
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Table V 


Diitenes 22.65 foi heh eee 3.65 
Hexamethylbenzene....... 
Naphthalene............. 
Anthracene.............. 

5 ibaa eay ares 3.54 average 
GHeYVSENG 7 fain seek xen oe 3.75 


1,2,5,6-Dibenzoanthracene. 


oeoeeeee ee © © © © 8 © © © @ 


Assuming that this empirical relationship holds for all aromatic 
compounds, Hoarau arrived at the following working formulas: 


Xy = LX, — 223.75 10° (5) 


and 


AX =X) —Xy = 3 (Xexp — Xy) = ; 
=3 [exp — (Bx, — 203.7510), (6) 


It thus becomes possible to approximately calculate x, and y, for any 
compound which obeys Eqs. (5) and (6). It is difficult to say at this 
writing (due to the scarcity of experimental data on anisotropy), how 
really universal these formulas are. Hoarau’s attempt [27] to apply 
these formulas uncritically to all compounds (even nonaromatic ones) 
and in particular, to alkenes, gives rise to serious doubts. However, 
Hoarau did not stop there. He even tried to use this method to cal- 
culate the anisotropy of the individual C=C bond in ethylene. Whether 
Eqs. (5) and (6) can be extended to alkenes, depends on whether even 
the average value of the empirical factor / is applicable in this case, 

However, the calculation of the anisotropy ofthe individual C=C bond 
by means of Pascal’s scheme, is basically unsound, as can be appre- 
ciated from the following considerations. Hoarau presents the following 
formulas for alkenes 


exp = Xa thceac. 


since in this case 2” = 2, and hence, 


Ay =X, —% = 3 (Acac — 21). (7) 
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Moreover, the numerical value of \...-is a strictly arbitrary quantity de- 
pendent on the system used. Even though ho happens to be the same in 
both of Pascal’s systems (+5.47 - 10~° inthe old system; +5.5 - 107° in 
the new one), it does not follow at all that hoawc iS some real constant of 
the substance. Rather, the new system must have been selected so as 


to make precisely }._. virtually unchanged. This is the reason why, 
for example, 


in the variant of Hoarau’s system worked out by the Japanese scientists 
Shiba and Hazato [28], whereas in Pascal’s scheme itself hence < 2d. 
There is no doubt about the presence of magnetic anisotropy in the C=C 
bond (this is shown by the characteristic distribution of its electron 
density), but the numerical value of Ay._. found by Hoarau hardly de- 
serves to be trusted. 

At this point, let us discuss the attempts, frequently encountered in 
the literature, to use the experimental anisotropies of total suscepti- 
bilities A of aromatic compounds for evaluation of the contribution of 
delocalized x-electrons to molecular diamagnetism. Authors attempting 
Such calculations, mistakenly identify Ay=—y, — xX, With the anisot- 
ropy of the contributions of the x-electron diamagnetism Ay,=y ‘ie 
— X,,, and ignore the existence of Van Vleck paramagnetism. In fact, if, 
as we have seen above, y= , ae then x, = Xia Xyp and ay =A iat Lips 
consequently, Ay=xX,—xXy =(X,a— Xya) +X) p—Xyp)* LO +s Ay = Ay, + 

"Thus, even if it is assumed that the anisotropy of Ay, is entirely due 
to «-electrons, i.e., that Ay, 18 equal to Ay, still 


Ay — Ay, + Ay, 


Consequently, even if the Pascal—Hoarau scheme allows calculation 
[from Eq. (6)] of the values of Ay, it cannot predict anything about the 
values of Ay. It is, therefore, impossible to agree with the often ex- 
pressed view that the additivity systems of Pascal—Hoarau and of Hazato 
indicate conjugation of x-electrons, their distribution, etc. Thus, for 
instance, Hoarau [27], in comparing Ay values calculated by the above 
method with the values of Ay_ calculated from theory (method of London), 
draws some far-reaching conclusions on various specific characteristics 
of the structure of certain molecules. Yet all these conclusions are 
devoid of a serious physical foundation. 

Thus, in summarizing the advantages and disadvantages of Pascal’s 
system (new or old), we can state the following: it permits an approxi- 
mate calculation of susceptibility of virtually any organic compound. In 
the simplest cases, this gives a check of the structural formula. The 
system’s disadvantages are, first, a fundamental neglect of the Van 
Vieck paramagnetism and the inability to detect it; second, the arbitrary 
nature of all the numerical values assigned to the contributions of 
individual atoms and bonds to the total susceptibility. This latter fact 
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is a particularly serious drawback of both Pascal’s systems (as well as 
those of his school), for it stands in the way of a further extension of 
the findings concerning the structure of molecules, and prevents the 
establishment of the relationships between the magnetic susceptibility 
and other properties, e.g., spectra. It is this fact that has hindered the 
studies of magnetic susceptibility and prevented the development of 
this branch of theory. Pascal’s system cannot, in essence, provide 
anything beyond an empirical check of the structural formula in the 
simpler cases, but its dominance of the field caused some physicists 
and chemists to erroneously believe that ‘‘diamagnetic polarization is 
of no major importance in understanding molecular structure’’ [29]. 
Thus, the erroneous view developed that the study of diamagnetic 
polarization is an obsolete and sterile method of investigating chemical 
bonds. Actually, what has become obsolete is the method of treatment 
and interpretation of the experimental material on magnetic suscepti- 
bility of diamagnetic substances. 


2, ANEW METHOD FOR MAGNETOCHEMICAL STUDY OF 
DIAMAGNETIC SUBSTANCES 


The above-mentioned serious shortcomings of the existing magneto- 
chemical methods point up the pressing needfor a new and better method. 
The new method should apparently meet the following requirements, 

First, it should derive from truly modern theoretical concepts of the 
nature of diamagnetic phenomena. 

Second, it should involve only those characteristic quantities which 
are susceptible to a physical interpretation. These values should de- 
scribe not only the structural formula of the substance but, if possible, 
give some more refined individual structural details as well. 

Third, the new method should not be too cumbersome and compli- 
cated, i.e., it should be based on approximate methods of calculation. 

What is meant here can be clearly illustrated by the development of 
magnetochemistry of paramagnetic compounds, where, as we know, a 
great deal of progress has been made in the last two decades. The 
magnetochemistry of paramagnetic compounds derives from the Lange- 
vin— Debye theory, and represents the experimentally measured magnetic 
susceptibility x as the sum 


Np? 
X= Bap + Xsa = Xap thee (1) 


where p is the effective magnetic moment of the corresponding particles 
(molecules, atoms or ions); & is Boltzmann’s constant; 7 is the absolute 
temperature; and x,, is the Langevin paramagnetism. 

The over-all diamagnetism of a compound is given by the constant 
Xsa Whose absolute value is, however, considerably smaller than that 
of y,,- Therefore, y,, is either completely neglected, or is approxi- 
mated from the theory. Thus, the experiment yields an approximate 


Magnetochemistry 29 


value of Xzp for various temperatures. From this, the important 
characteristic constant—the effective magnetic moment p—is then 
calculated. 

The value of knowing p lies in the fact that from it, and with the aid 
of some very Simple assumptions, one can estimate (even though only 
roughly) the number of unpaired electron spins. It should be kept in 
mind, however, that in the first place, by far not all the paramagnetic 


substances follow the Curie law Lip= where C is a constant of the 


substance (the Curie constant); on the contrary, most of them obey the 
Curie-Weiss law, Xp = — , when @®< 7, where @ is a constant 


of the substance, Second, p is seldom determined by the effect of the 
spin moments alone; in many cases, there is also a contribution due 
to orbital moments. Strictly speaking, in those cases where the 
Curie-Weiss law applies, the determination of the effective magnetic 
moment p by means of the Langevin-Debye-Weiss formula 


em 2a 
Xip — BR(T + 8) 


cannot be considered very accurate. 

The above refers particularly to the case where, in addition to the 
contribution made by spin moments, the paramagnetism is also due to 
partial contribution from orbital moments. All these factors introduce 
some uncertainty into the number of unpaired spins calculated from p. 

Nevertheless, experience shows that even this approximate deter- 
mination of the number of unpaired spins, basedas it is on experimental 
data, frequently opens up new ways for determining the bond type in 
very complex compounds, and uncovers many structural details which 
cannot be obtained by other means. 

It will suffice to recall the tremendous advances made with the aid 
of this approach in the field of coordination (complex) compounds, 
various types of transition metal ionic salts, as well as in the inter- 
pretation of radicals, biradicals, catalysts, etc. 

These outstanding advances inthe magnetochemistry of paramagnetic 
compounds suggest that asimilar approximate method may be possible in 
the field of diamagnetic compounds. 

The history of the development of magnetochemistry provides some 
instructive examples. As a matter of fact, during the years preceding 
the formulation of the quantum-mechanical theory of diamagnetism, when 
the Langevin theory was thought to be applicable to any diamagnetic 
compound, the data from susceptibility measurements were often used 
as a means of roughly determining a characteristic physical constant— 
the mean radius of electron orbitals. Also, as we know, it was this 
method that first impelled Pauling toward the new concepts which led 
to the modern theory of aromatic bonds. 

The modern quantum-mechanical theory of polyatomic diamagnetic 
systems represents their susceptibility as a sum of the Langevin and 
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Van Vleck terms 


Ne Yi, 2 el M21 OP 
t= atte — omar AT SN Yee 
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as we discussed in Sect. 2 of Ch. I. 

In systems which are in their electronic ground state, the first term 
is always diamagnetic, while the second is paramagnetic. The first term 
of this expression contains no more than the characteristic constant 
which was already present in Langevin’s classical theory of diamag- 


netism, namely, >)7’, i.e., the electron density distribution. The latter 


often permits the evaluation of the mean radius of electron orbitals. 
The second term (y,) canin itself be regarded as an important character- 
istic constant which depends on the symmetry and deformability of the 
electron clouds. 

Thus, if we could find a method for separating the experimentally 
measured value of x into its components xy, and x,, we would be able 


to describe a given diamagnetic substance in terms of quantity 2 7; 


on the one hand, and in terms of x, on the other. 

We should, therefore, consider first of all the problem of the means 
by which the experimentally measured y can be separated into x, and 
Xp, Since there are no methods for the separate determination of x, and 
x¥,- Both of these components are independent of the temperature (or 
field), and therefore, it seems impossible to separate them experi- 
mentally in any direct manner, 

This being the case, we canthink of several other ways of separating 
x into xy, and y,. For instance, a direct, purely theoretical, quantum- 
mechanical calculation of at least one of these components is possible, 
provided an experimental total susceptibility y is available. 

In performing a calculation of this kind, one can use, for example, 
the above-described quantum-mechanical method first employed by 
Gans and Mrowka and developed by Tillieu (see Ch. I). As we have 
seen, this method yields acceptable results for y,, and, depending upon 
various coefficients employed, the numerical results vary approximately 
within 10%, 

Having thus determined y, from an approximate theoretical calcula- 
tion, and having obtained x experimentally, we can, of course, find an 
approximate value of the desired structurally sensitive quantity x,. 

However, since Xp = xX— 2a is usually a relatively small quantity, the 
variation of the calculated values of x4 overthis +10% range consider- 
ably reduces the accuracy of determining inthis manner the value of Xps 

Another disadvantage of this method is the fact that it is cumbersome 
even in the case of relatively simple molecules. By choosing suitable 
values of the coefficients, it is possible to improve considerably the 
accuracy of the numerical results obtained in the calculation of y,, 
and hence  ,,, although such a semiempirical selection of coefficients 
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is always detrimental to the theoretical foundation of the method itself. 
In any event, it is possible, in principle, to calculate y, from the theory 
for most substances, It is hoped that this method will be improved and 
simplified in the future, 

There is also another method. In contrast with the purely theo- 
retical method, it can be, for simplicity, called the ‘‘semiempirical’’ 
approach, or, more accurately, the method of the indirect calculation of 
Xa (or x, ) by means of certain experimentally measured, non-magnetic 
physical quantities. 

Although at first glance it would appear that the ‘‘theoretical’’ 
method differs fundamentally from the ‘‘semiempirical’’ approach, a 
closer examination reveals that both methods must necessarily rely on 
some sort of specific empirical data. Thus, for example, the formulas 
of any ‘‘theoretical’’ method express y, via experimentally obtained 
distances between the atoms in a given molecule or ina bond of a 
given type. Therefore, no basic difference exists between the two 
methods. The ‘‘semiempirical’’ method differs from the ‘‘theoretical’’ 
only in that it is based on other physical quantities which are likewise 
Obtained by experiment 

It is possible, for instance, to use the relation derived by Kirkwood 
[30], in which y, is related to the experimentally measured static 
polarizability «2. Using an approximate quantum-mechanical variational 
method, Kirkwood has shown that for radially symmetrical systems 
containing k electrons 


R 2 


Py) 
ae 
! 


4 
7 9kay 


(2) 


where a,= un is the so-called Bohr radius. Since ¢ is proportional 
Rk 2 

to | >}7?|,Kirkwood combined the expression for y,: with Eq. (2) and 
i 

obtained the relation 


t= — NEV V ba = — 3.11 X 10° Fa, (3) 


As far back as 1936, Klemm [120] mentioned, in passing, the possibility 
of using this relation, but did very little in this respect. 

Kirkwood’s method of calculating the polarizability has often been 
criticized. Gel’man [31], for instance, observed that a serious draw- 
back of Kirkwood’s method is its tacit assumption of the complete 
equivalence of behavior of all the electrons.* Gel’man suggested that 
additional factors be introduced into Eq. (2). These factors would 


* Assuming that the ground state of an electron is described by a function }, Kirkwood 
ascribes to an electron in field E a perturbed state function | = t,-} aE, and assumed that 
the electron displacement factor a is identical for all the electrons of a given system, 
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describe the probability of displacement of each electron in an electric 
field. If such factors were present in the equation, then the electrons in 
the outer orbitals should show a greater probahility for displacement by 
a field than those in the inner ones. 

Gel’man also showed, however, that if such factors were introduced 
into the polarizability equation (2), then Eq. (3) would not hold at all, 
since all electrons are indeed equivalent as far as the precession ina 
magnetic field is concerned. In other words, while these factors would 
be included in the polarizability equation, they would have to be ex- 
cluded from the expression for susceptibility. 

Analyzing Kirkwood’s calculation, Gans and Mrowka [4] came to the 
conclusion that the polarizability expression (2) can be obtained from a 
model in which all the electrons of an atom are considered to be located 
in one shell, i.e., where Pauli’s principle is disregarded. From this 
analysis, Gans and Mrowka have concluded that Eq. (2) describes 
a Clearly incorrect atomic model (i.e., one inwhich all electrons are in 
the same orbital). However, in our view, this conclusion is not necessar- 
ily valid, because neither these authors nor anybody else has thus far 
shown that Eq. (3) cannot be obtained from the shell model of the atom. 
We were not convinced, therefore, by their assertionthat the shell model 
is incompatible with Kirkwood’s equation (2). We can imagine, for ex- 
ample that eventhough the electrons are in different shells, they can have 
some mean displacement factor @ (for the sake of simplicity). 

Kirkwood’s polarizability equation was derived on the assumption 
that all electrons move in centrally symmetric fields. It is, therefore, 
often considered tobe valid only for atoms and atomic ions. However, the 
expression x, = - Be : ri is normally used both for atoms and for 
polyatomic systems. But’even Van Vleck [3] emphasized the fact that 
the above expression for Xq pertains only to centrally symmetrical, 
i.e., atomic systems, since Larmor’s theorem holds only for such 
systems. 

Thus, we see that both the Kirkwood formula for a and the above 
expression for Xz treat every polyatomic system as a set of electrons 
moving in centrally symmetrical atomic fields. Therefore, Eq. (3), 
which relates x, to a, is validonly within the framework of that model. 

The experimentally measured polarizability of a real molecule can 
be represented aS a=ag+a’, where ag pertains to a model which 
serves as a basis for Eq. (2), and a’ is a correction factor accounting 
for deviations of the real molecule from this model. Thus, expression 
(3) should be rewritten in the form 


Xq = ~3-11- 10°Vkag 


where ap = a-a’. It is well known that the directionally averaged 
polarizabilities can very often be represented in the additive form, that 
is, as a sum of the atomic (or ionic) polarizabilities. 

The discrepancies between the values of ao calculated in this 
manner, and the observed values of a are in most cases less than 10%, 
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i.e., a’ < 10% ap. In many cases, this fact allows us to use expression 
(3) instead of (3a); the expected error produced in y, by this replace- 
ment will, of course, be less than 5%. 

With this restriction, Kirkwood’s relation (3) in many cases can be 
used for the approximate calculation of x,,basedon the experimentally 
measured a, whereby such Calculations will hold for atoms and ions, as 
well as polyatomic systems. Later, we shall also consider those spe- 
cific instances where this approximation will not hold. 

Regrettably, insofar as we know, it has not been possible as yet to 
provide Kirkwood’s formula with a rigorous theoretical basis, i.e., 
to strictly define its error and its limits of applicability. It is, therefore, 
natural to try to analyze its experimental or, so to speak, a posteriori 
basis, this approach being often used in such cases in physics and 
particularly, in quantum chemistry. 

Since Kirkwood’s formula (3) applies primarily to atomic systems in 
which, for reasons of central symmetry, the Van Vleck paramagnetism 
Zp Should be zero, it is naturalto consider, first of all, the applicability 
of Eq.(3) to atoms orions, Kirkwood himself [30], subjected his relation 
to such a test (on atoms of inert gases); the same type of test was later 
applied by Brindley [122] and K. Fajans [123] (to ions). 


Table VI 


~y 10° by 
6 Xd 
He 


2.02+ 0.08 
Ne 6.96+ 0.14 
Ar 19.2 —19.72 
Kr 29.0 + 0.4 
Xe 45.5 + 0.7 


Table VI compares the calculated susceptibilities of inert gases with 
the more recent experimental data [121]. The cause of the large dis- 
crepancies between these values in Ne and Ar is still unclear. Having 
compared the experimental diamagnetic susceptibilities of halide and 
alkali and alkaine earth metal ions with the values calculated from 
Kirkwood’s formula, Brindley concluded that Kirkwood’s equation 
“appears to be a very good approximation of reality.’’ Fajans, having 
examined the same experimental data for salts, arrived at “‘experi- 
mental’? values for the ionic susceptibility somewhat different from 
Brindley’s. Therefore, he did not get as goodan agreement between the 
values calculated from Kirkwood’s formula and the ‘‘experimental’’ 
values. 

However, the applicability of Kirkwood’s equation to ions can be 
verified by examining the data for ionic salts without separating them 
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into the parts corresponding to the cations and anions, since this sepa- 
ration is not always definite. We should point out also that the data, used 
by Brindley and Fajans in 1933-1934, are in themselves far from 
perfect. Table VII gives some more recent data. 


Table Vil 


~x 10° ~\ 10° 


by Kirkwood’s -10° | by Kirkwood’s 
method method 


In selecting the substances, we took those salts in which the mutual dis- 
tortion of the ions is, in all probability, moderate, and for which it may 
be assumed that 7¥,—0 and y=y,. 

Recently, N. N. Sirota [128] has developed a precise method for 
determining the x, of crystalline substances by means of charts of 
electron density distribution; these were obtained experimentally by 
X-ray diffraction methods, It thus became possibleto verify Kirkwood’s 
equation (3) directly. In comparing the values of x, - 10° for certain 
ionic compounds, as calculated from Eq. (3), with the X-ray data of 
Sirota and Olekhnovich [131], we find a very good agreement: 


NaCl KCl CaF, 


Kirkwood’s method 30.4 39.0 30.6 
X-ray method 30.7 41,1 29.6 


Thus, Kirkwood’s equation (3) is apparently quite reliable for ionic 
Compounds. 

As far as the check of the applicability of Eq. (3) to molecules is 
concerned, this problem has never been discussed in the literature in 
any detail. 

In the case of molecules, Gans and Mrowka [4] attempted to apply the 
variational method employed by Kirkwood in the calculation of atomic 
susceptibility. Thus, they calculated both xz and ¥, by the approximate 
method and compared these with the experimentally obtained y = y, + y ae 
However, there are grounds for assuming that y,is much more sensitive 
to the accuracy of the calculation than ¥z- Therefore, it would seem 
desirable to use Kirkwood’s method only for calculating y,, and then 
compare the results with y, calculated by some better or mvure rig- 
orous method. 

In searching for a more rigorous method, we should first consider 
the H, molecule in which, as we know from rigorous theoretical 
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calculations [72] and from molecular spectra, xX, is extremely 
small, 

Table VIII compares the results of quantum-mechanical calculations 
of y, and x, performed by various methods with the X¥q Calculated by 
Kirkwood’s formula. For purposes of illustration, the table also lists 
the experimental value of total susceptibility. 


Table VIII 


~y-10° 
measured 


Susceptibility of the Hydrogen Molecule, H, 


-X 4°10° Xp’ 10° 
calculated | calculated 


= Van Vleck and Franck 

2 (1929) [65}.......... 
= S | Wittmer (1937) [66] .... 
: 3 Brooks (1941) [66]... .. 
£ 8 | Tillieu (1955) [67]..... 
zs Espe (1956) [69] ...... 
s Ramsey(1956) [70]..... 
CS Hameka (1959) [71].... 
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ou 

7 . fs} 

= 23 | (for a = 0.79-10 24 cm3) 3.9—4.0 
x £ 

2 5s (72} [73] 
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The data of Table VII show that Eq. (3) is applicable to the H, mole- 
cule. Furthermore, it is readily observed that the gradual refinement 
of the quantum-mechanical calculation has witimately produced almost 
to the same value of y, as that which results from Eq. (3). 

Let us now turn to more complex molecules and compare the values 
of y, obtained by Kirkwood’s formula withthe values from the quantum- 
mechanical calculation (Tillieu’s method). This comparison is shown in 
Table IX. It should be pointed out thatthe quantum-mechanical calcula- 
tion used Coulson’s parameters, which, as was noted by Tillieu, should 
be considered ‘‘the best ones,’’ since they yield numerical values clos- 
est to the experimental data. If Slater’s coefficients, which are ‘‘almost 
as good,’’ are used, then all the values of y, become smaller by about 


2%. 

As a rule, the theoretical data of Table IX exceed the values cal- 
culated from Kirkwood’s formula by 5%. If Slater’s parameters are 
substituted for those of Coulson, the discrepancy is reduced by about 3%. 
In other words, the difference between the values computed by quantum- 
mechanical methods and those computed from Eq. (3) is of the same 
order of magnitude as the difference between the quantum-mechanical 
values themselves, if the latter are estimated with different (but 
equiprobable) parameters. 
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Table IX 
~x 710° -x,4°10° 


Substance by quantum-mechanical calculated from 
calculation Kirkwood’s formula 


Fithane, CoH, 
n-Hexane, C6Hy, 
n-Octane,CgHl1 
n-Nonane, CoH»o9 


n-Hexadecane, Cj ¢H34 
Ethylene, CoH, 
Isobutene, C4Hg 
Trimethylethylene, CsH 15 
2-Methyl-2-octene, CoH 1g 
Cyclohexane, C6H4> 
Cyclooctane, CgH 6 


Methanol, CH 30H 
Ethanol, Cj.HsOH 


It is interesting (and important) to note that in the case of branched, 
saturated hydrocarbons where the symmetry of the molecule should 
make the Van Vieck term jy, as close to zero as at all possible, the 
semiempirical calculation produces values of y, which are virtually 
identical with the experimental data, whereas the theoretical method 
yields markedly different values (see Table X). 

The near agreement exhibited by the values of 7, calculated by the 
usual methods of quantum chemistry and those calculated from the ex- 
perimental a’s with the aid of Kirkwood’s formula, shows that both 
methods are virtually equivalent; this statement holds at least with 
respect to ionic and covalent compounds that do not contain conjugated 
bonds. 


Table X 


-Xq-10° from 
Substance quantum-me chanical 
calculation 


-xXq" 10° 
calculated by 
Kirkwood’s formula 


Measured 


~\: 10° 


2,2-Dimethylbutane, CgH,4 
2,2,3-Trimethylbutane, C7Hy¢ 


2,2,3-Trimethylpentane, CgH 1, 
2,2,4-Trimethylpentane, CgHyg 
2,6-Dimethyloctane, Cj oH 
2,4-Dimethylnonane, Cy ,H 4 
3,4-Dimethylnonane, C; Ho, 
4,5-Dimethylnonane, Cy 4H54 
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However, one must keep in mind while using Kirkwood’s formula that 
the polarizability a of this expression is the static polarizability a,, 
corresponding to a wavelength \-—> oo. In certain substances, the region 
of selective absorption lies in the ultraviolet. Therefore, the polariz- 
ability ap), measured as usual with the sodium D-line, differs little from 
a. for all practical purposes. In those cases where the selective ab- 
sorption band lies at a wavelength i, close to i,, one can use the 
approximate dispersion relation 


to introduce the appropriate correction. 

The semiempirical method we are suggesting can, of course, yield 
reasonable results only for those substances to which Kirkwood’s theory 
of static polarizability and its concomitant, Eq. (2) of Ch. I, can be 
applied. In cases where the molecule contains conjugated bonds (as in 
aromatic compounds, for instance), the assumptions made by Kirkwood 
in his calculation of « can no longer be considered faultless. 

Thus, Kirkwood’s theory treats electrons as more or less symmetri- 
cal clouds which become distorted in an electric field. However, if n 
electrons are delocalized in an aromatic ring and form an annular 
cloud, then two types of electric polarization are possible in an electric 
field E: a) redistribution of the electrons over the ring; and b) shift of 
the annular cloud as a whole (Fig. 3), 


FIG, 3, Polarizability of an aromatic molecule: a) redis- 
tribution of x-electrons over the ring; b) shift of the 7- 
electron ring, 


In treating this annular cloud, Kirkwood’s theory considers primarily 
processes of the second type. If, however, processes of the first type 
do in fact participate to a substantial extent, then Kirkwood’s theory, 
which takes account of them only to a very small degree and con- 
siders the observed polarizability primarily as a shiftof the cloud, will 
automatically attribute to the electron cloud a somewhat larger average 


size (i.e., larger than )j7/) than it is in actuality. Consequently, Kirk- 
é 


wood’s relation will produce a somewhat high value of diamagnetic 
susceptibility y,. 

The first accurate quantum-mechanical calculation of the polariza- 
bility of x-electrons of aromatic molecules is due to Adamov, Veselov 
and Rebane [108]; that calculation is based on the free-electron model, 
which assumes a completely unhindered shift of «-electrons along the 
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rigid lattice of aromatic bonds (the ‘‘metallic model’’). This model is 
based on the assumption that the redistribution of electrons along undis- 
torted bonds (i.e., a process of the first type) is the dominant one in an 
electric field. A rigorous theoretical calculation of this model, the de- 
tails of which we shall not discuss here, led the authors of [108] to an 
extremely important result from our point of view. They found that this 
model gives completely satisfactory results for the longitudinal polar- 
izability of polyene chains, but that with the simplest ring molecules 
(such as benzene) the results were inconsistent with the experimental 
data. As the authors noted, ‘‘inthis case, the calculation yields exagger- 
ated mobilities of x-electrons.’’ Indeed, the theoretically computed po- 
larizability of only the six x-electrons of the C,H, molecule is~8.5 - 
10°**cm?, whereas the total experimentally measured polarizability of the 
entire molecule is only~10x10°“%cm?, Wecannot reasonably assume that 
all the co-electrons of this molecule account for only~1.5x10 “cm3, 

We must thus conclude that, in benzene and molecules similar to it, 
electron redistribution plays a considerably smaller part thanin polyene 
chains. Therefore, it is not unreasonable to assume that in the case of 
those aromatic molecules in which the electron redistribution processes 
are of minor importance, it is permissible to use Kirkwood’s relation 
(3) for calculation of y,. 

To check this assumption, it is useful to compare the quantum- 
mechanical susceptibilities of some simple aromatic molecules with the 
results obtained from Kirkwood’s formula, In the quantum-mechanical 
calculation of y,, we split the latter into the two components yj, and 

a che first of these, x), is estimated on the basis of the assumption 
that all the c-electrons of the molecule are strictly localized and we use 
the already familiar method of Tillieu. The second component Xq» rep- 
resents the diamagnetism of the delocalized x-electrons which, as we 
know, is often calculated by a number of quantum-mechanical methods 
which differ from eachother. Inthis calculation we assume that the con- 
jugated x-electrons affect the diamagnetism only inthe direction normal 
to the plane of the ring. Usually one estimates not Xz» but x7 i» i.e., the 
component of x, normal totheplaneofthe ring. Obviously, ¥,=!/3yj,, 
since the contribution made by y“, ofdelocalizationto y, is probably 
quite negligible in directions parallel to the plane of the ring. 

Thus, on the basis of all the preceding considerations we obtain the 
data in Table XI, 

The table shows that at least inthecase of some aromatic compounds, 
the two methods of calculation yield numerical values of xX, which are 
very close. 

Let us Say at once that this fact should not be extrapolated to mean 
that all other aromatic compounds will conform to it. However, in 
adding up all the above individual facts, we come to the conclusion that 
the ‘‘semiempirical’’ method is no less reliable thanthe ‘‘theoretical,’’ 
and that this statement holds not only in the case of ionic and nonconju- 
gated covalent compounds, but also in some aromatic molecules, 

The practical value of this conclusion is that the method based on the 
use of Kirkwood’s equation (3) is far Simpler and more convenient for 
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Theoretical calculation 


by Tillieu’s 


Table XI 


Semiempirical 
calculation 


Substance 


failed ase delocalization }~ (vat Xa) (Kirkwood’s 
m-electrons o melee tnous method) 
—_ ee 7 OK _ 6 
aor |, Ngee Xq10 


Benzene, CeHe 
Naphthalene, Cyoflg 
Anthracene, C, 4H 19 
Phenanthrene, Cy 4llio 


* Using Coulson’ : parameter. 


** Assuming that al” =—36.5:107-®© for the benzene ring; we also azsume (after Pauling) that 


Xs L for naphthalene -= 36.5° 2.40; for anthracene as well as phenanthrene, Xa | = 36.5+ 3.88. 


calculating y, (if « isknown fromthe experiment) than the painstaking 
theoretical calculation from bonds. We thus acquire a new magneto- 
chemical method which enables us to rapidly compute y,, and hence, 
to find the approximate value of the desired quantity x, if the total 
diamagnetic susceptibility y has been measured experimentally. 

As we have already pointed out, x, canbe determined experimentally 
from very complicated spectroscopic studies, but only in the case of 
some molecules. The direct theoretical method of calculating y, is 
not only complicated, but what is worse, leads in most cases to very 
inaccurate results, and thus does not warrant thenecessary expenditure 
of work. It is, therefore, important toknow whether.the proposed semi- 
empirical method for y, gives results that are at all reliable. Table 
XJI compares the data for y, obtained by the various methods. We see 
that the scatter of data from the theoretical calculation, obtained with 
the use of different parameters, is very pronounced. However, as we 
ghall see below, in our case, it is most often not so much the absolute 
values of y,, but rather their relative change in a homologous series 
that is important. Thus, a distinct similarity can be seen between the 
progression of the y, values calculated semiempirically and the pro- 
gression of values found by theoretical means. 

The same similarity is also apparent between the progression of y, 
values obtained spectroscopically and the progression calculated by the 
semiempirical method. 

All these considerations indicate that a validcomparisoncan only be 
made between values of y, obtained by the same method. 


Since y, is proportional to >) r?, we can, of course, expect that in 
i 


those cases where the interaction between the bonds (or individual atoms) 
is moderate, the values y, should be additive within the homologous 
series. Therefore, a study of the deviations of y, from additivity 
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Should enable us to shed some light on the nature of the interactions 
between bonds (or atoms). 

The quantity y, reflects, first of all, the asymmetry of the electron 
clouds. Thus, if the interaction between the bonds (or atoms) is small, 
then yx, should also display additivity in the homologous series. 


Table XII 
6 
6 16 +Xp°10 
+ Xp° 10 Exp? ; calculated by the 
Substance from spectroscopic from theoretical a Ee 
data calculations P 


method Xp= X-Xd 


Ts ote dne ater beacuse 0.0846 0.055—0.076 
3 | ae ae a ae we 4.2 (DJ) 

LE oh tate nkemied Suns 0.88—1. 7 "2 

RD ataad cues nits 1.8-2.4 (3 

GE oon is a nied wore doates 3. = - ] | < 

TCO cweiesscntattet ares ashe = 


n-Hexane, CeHi4...... 
n-Octane, CgHig Ri acne ecass 
n-Nonane, CoH a9 i, 6 ki 


Isobutene (CH3)9C=CH> 


Trimethylethylene 
(CH3)2C=CH-—CH 3 
2-Methyl-2-octene 
(CH3)2C=CH(CH 2)4CH3 


* Coulson’s parameters were used. Use of Slater’s parameters decreases the numerical values 
of Xp by a factor of 5 to 7! 


Again, the study of the deviations of x, from additivity allows some 
conclusions on the nature of the bond interaction. 


Thus, the susceptibility of a diamagnetic compound may be repre- 
sented as 


Y= Laat Diet Dy + D4, (4) 


where 


Daa t DS be= Xe 
Xp ts =yZ,- 
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By studying y, and y, separately, we shall reveal at least the 
approximate values of all the quantities included in these expressions, 
and hence, as will be seen below, we shall be able to draw a number of 
conclusions concerning the structural characteristics of chemical bonds. 

It is easy to see that the Pascal scheme 


Y= Dxy,+Dr (5) 


differs substantially from ours; first, even though its Dy, is a dia- 
magnetic quantity, it, nevertheless, is not equal to ya, and second, 
the 5. of the Pascal scheme turns out to be a ‘‘collective”’ quantity 


embracing at least y,+ 3)8,+ > 8,. ; 

Thus, the structural corrections (4) of Pascal’s scheme are very 
rough and physically indeterminate characteristics when compared to 
our x,, 5,, and $8,. This alsoshows that, even though it is approximate, 
our proposed semiempirical analysis of magnetic susceptibilities of 
diamagnetic substances still is a more refined method of study of bond 
structure than Pascal’s scheme. 

A substantial advantage of the proposed method over that of Pascal 
is the fact that both y, and y, are determined in the same manner, re- 
gardless of whether the given compound is ionic or covalent. 

Pascal’s scheme can be formally applied to both ionic and covalent 
compounds. However, it is applied with different values of the Pascal 
constants ya and 4, which are experimentally determined in advance. 
Therefore, in order to represent the susceptibility of a given substance 


in the Pascal form y = )ya-+ A, is necessary todetermine in advance 


to which type of compounds a given substance belongs. However, if a 
given substance is of the type intermediate between those defined in the 
scheme, then the use of Pascal’s formula is predicated on a thorough 
preliminary investigation of various analogous substances so that the 
appropriate intermediate values may be assigned to the increments. 
The problem becomes quite different when our scheme is used. We 
measure y and 2 experimentally, then we determine the values of 
Xq and y, separately and are then able to represent y as y=y74+ X, 
without knowing anything in advance about the type of bonding; on the con- 
trary, we determine the nature of the bondfrom other magnetic investi- 
gations. 

When the new method is applied to polyatomic systems and to the 
development of additive schemes of the type 


= Dat Dy+Dy+ D8, (6) 


some problems arise as to how the total observed Diyas and Diy, are 


distributed among their individual carriers. 
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As far as the distribution of y, among the individual atoms or ions 
is concerned, it may be assumed that, in accordance with Kirkwood’s 
equation (3), they would carry y, in proportion to their Vea. As for the 
distribution of y,, it must be remembered that it can hardly arise ina 
single atom of the molecule; thus, we must first of all identify the 
atomic group carrying y,. 

This problem becomes relatively simple when it is possible to com~ 
pare two compounds of approximately the same composition and structure 
but differing, for example, only by a double bond C=C, or only by a 
triple bond, C=C, etc. 

Within these groups, the paramagnetism y, is obviously equally 
distributed over identical C atoms. The problem becomes more com- 
plicated, however, if we are dealing with groups of unlike atoms, for 
example, groups C=O, C=N, C=N, etc. In this case, the paramagnetism 
cannot distribute itself equally among the various atoms within the 
group. If it is considered that, according to Eq. (10) of Ch. I, the Van 
Vleck component can be roughly represented as 


N a A 
Cnet k| l OF ee es 


where (£,—€,) is the average value of (£; — E;), while the polarizability, 
according to the theory of optical dispersion, is 


B 
aaron 8) 


then y,~«. Thus, it may be assumed that x, is distributed among the 
atoms of a group in proportion to their polarizability. 

A similar problem arises in diamagnetic ionic salts, where it is 
sometimes necessary to determine the distribution of the total x, of an 
ionic salt among its various ions. Since every free atomic ion is 
centrally symmetrical and hence lacks any intrinsic paramagnetism, it 
is obvious that the paramagnetism of the saltis the result of the mutual 
distortion of the ions; this distortion should be approximately pro- 
portional to the polarizabilities of the individual ions. Hence, it can 
also be assumed that the paramagnetism is distributed over the indi- 
vidual ions in proportion to their polarizability. 

We shall return to these questions in discussing the individual bond 
types. 

Another interesting fact should be mentioned which results from the 
possibility of an approximate separation of y into y, and y,. 

In Ch, JI, Sect. 2, we have derived an approximate relation (20) for 
systems with axial symmetry 


oe 2 
X= 377 (9) 


and thus, 
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a= = VF V-Hale (10) 


Considering that in the case of axial symmetry the anisotropy of the 
total susceptibility is 


AX=X,—- = Ax + AX, (11) 


where AX = Nay Lay and Ay,=—vX,, since Xp) = 9, and remembering 
that x,, =3/2x,, we obtain 


Ay = + 1.23 Vik — 1.5y,, (12) 


Thus, we find that the separation of y, and xy, permits us to evaluate the 
anisotropy Ay. As we shall see later, this quantity can be used, for 
example, for some calculations in nuclear magnetic resonance phe- 
nomena, 

Summarizing all of the above, we come to the conclusion that we can 
develop a new method of magnetochemical investigation; this method 
differs from Pascal’s scheme. The new method successively separates 
the measured magnetic susceptibility of a diamagnetic substance into 
its Langevin and Van Vleck components by means of an approximate 
calculation of the Langevin component. This approximate calculation 
can be carried out in either of twoways: a) by a theoretical calculation; 
and b) by a semiempirical method of calculation, which relies on the 
experimental value of the static polarizability. 

A comparison of the numerical results of these two methods shows 
that they are practically equivalent. Thus, we shall confine ourselves 
to the semiempirical method, since it is sovery simple and convenient. 
In addition, with such a simple method we shall be able to evaluate a very 
much larger body of experimental material than would otherwise be 
possible. 


Chapter III 


MAGNETIC PROPERTIES AND STRUCTURE OF THE 
IONIC BOND IN MOLECULES AND CRYSTALS 


1. GENERAL CHARACTERISTICS OF IONIC BONDS 


A characteristic feature of the ionic bond is the transformation of the 
interreacting atoms into oppositely charged ions held by electrostatic 
forces. Thus, a compound with an ionic bond represents an array of 
ions which to some degree preserve their individuality in both molecules 
and crystals. Since we are considering here only the so-called dia- 
magnetic compounds, it is natural to assume that the electron clouds of 
all the ions comprising these compounds have no magnetic moment. 

If the ions were absolutely rigid and completely preserved their 
individuality in a given compound, then the magnetic susceptibility of the 
compound would be the sum of the susceptibilities of the individual ions. 
Since in that special case each ion would be strictly a centrally 
symmetrical system, the susceptibility of each ion would simply be the 
‘‘pure’’ Langevin diamagnetism y,, and hence, the susceptibility y of 
the entire array would be 


(=D 


where y,, and y,. are the Langevin susceptibilities of the cation and of 
the anion, respectively. Actually, however, ions are not rigid systems 
at all, as is shown by their optical properties. 

Because of electrical interactions, the ions distort one another, and 
consequently, the electron clouds of the ions lose their spherical sym- 
metry to some extent. The lower symmetry should produce a Van Vleck 
paramagnetism y,, Superimposed on the Langevin diamagnetism y,,sSo 
that the susceptibility of the compound assumes the form 


=YXat Xp: 
The diamagnetic component can be represented as the sum 


Xa = Xa+ +Xa-> 


where y,, and y,_ are the Langevin susceptibilities of the cations and 
anions, respectively. It serves no purpose to representthe paramagnetic 


44 
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component y, as a sum ofthe paramagnetisms of the anions and cations, 
because 7, is caused by the interaction of the ions. The presence of y 3 
in an ionic compound points to the development of a covalent bond be- 
tween the ions. This type of Van Vleck paramagnetism, the result of 
interaction between anions and cations, will be referred to as the in- 
duced paramagnetism, since it should gradually decrease as the distance 
between the ions increases and should increase asthe ions move closer 
together. 

All these ions lack an intrinsic magnetic moment, but those which are 
molecular (polyatomic) and (internally) linked by covalent bonds may 
possess Van Vleck paramagnetism even when isolated. This internal Van 
Vleck paramagnetism, evident in some types of molecular ions where a 
certain electron asymmetry is present, will be referred to as the tn- 
trinsic paramagnetism, Thus, compounds with an ionic bond exhibit two 
types of Van Vleck paramagnetism: 

1) The tnduced paramagnetism, produced by the distortion of the ion 
through interaction with the surrounding medium; and 2) the intrinsic 
paramagnetism, due to those covalent bonds which exist within a given 
complex molecular ion. 

Let us examine these two types of Van Vleck paramagnetism in 
greater detail. Since the induced Van Vleck paramagnetism y,, is caused 
by the mutual deformation of ions, it should (to some extent) be a 
function (probably a nonlinear one) of the polarizability, i.e., 


Xp, == F (2). (1) 


The form of this function is unknown. 

Let us now consider the case where one or more ions (or even all 
the ions) comprised in a given compound have internally asymmetric 
electron clouds even before being joined into a compound (that is, they 
have an intrinsic Van Vleck paramagnetism 7,,). When the ions are 
located in a crystal lattice, they do interact and become deformed; thus, 
yp, undergoes a change 67, ; in turn, inaccordance with the arguments 
presented above, %», should also be a function of the polarizability 


OY p, == Fo (a). (2) 


Thus, the intrinsic paramagnetism of an ionic compound may be repre- 
sented as 


Xp, = Lng + Fo ©: (3) 

The total paramagnetism of a diamagnetic ionic compound is then 
aaa ag Areas a AC (4) 

A homologous series of compounds which do not contain any ions with 


an intrinsic paramagnetism (i.e., compounds in which y,,=-0 and 
) (a)= 0) will show some dependence of Xp, on a; thus, as a decreases, 
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Xp, Will also decrease in some fashion. But whatever the form of this 
dependence, it must necessarily have one characteristic feature: in the 
extrapolation of «-»0, the induced paramagnetism 7,, should tend to 
zero. Obviously, if there is no intrinsic paramagnetism in any of the 
Compounds of a given homologous series, the curve of y, vs. a for 
this series must pass through the origin (Fig. 4). 

On the contrary, if y,,#0, then only the terms 9¢(c) should 
vanish in the extrapolation of «->0. Hence, if all the members of the 
given series have the same intrinsic paramagnetism (that is, the same 
molecular ion), the curve of y, vs. a will intersect the x, axis at the 
point 7p, (Fig. 5). Thus, function y,(2) provides an interesting new 
possibility of determining and studying the internal bonds in diamagnetic 
molecular ions. These problems have hitherto been inaccessible via 
magnetochemical methods. 


Z, %, 
ye Wa 
ay b) 7 


FIG, 4, Examples of the variation of 
Xp With ain a homologous series when 
kp, = Y. 


FIG, 5, Examples of the variation of 
Xp with a in the presence of intrinsic 
paramagnetism, 


Let us consider one more special case, We assume that an ionic 
compound consisting of atomic ions, also contains a certain fraction of 
covalent groups which possess an intrinsic paramagnetism 7p», (e.g., 
covalent groups with a double bond, for which see Ch. V). Obviously, 
then, the curve of x, vs. a will intersect the Xp, axis when a—0. If 
the concentration of these covalent groups is not known, it will be im- 
possible to determine the value of y, per molecule. However, we shall 
be able to state with certainty that such groups are present and this in 
itself is often quite important, It should be noted that such studies of 
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the function y,(«) can be made not only with homologous series, but what 
is much more important in practice, with solutions of a given compound 
where y,(«) can be studied as a functionof the concentration and even of 
the temperature. It is possible that such studies will yield new informa- 
tion on the processes of dissociation hydration, radiolysis, etc. To 
achieve such insights, it is necessary to determine on the same substance 
the temperature or concentration dependence of both the magnetic sus- 
ceptibility and the polarizability. We have not seen any studies of this 
kind in the literature. 

Let us now begin a discussion of specific types of ionic compounds. 


2. COMPOUNDS CONSISTING OF SIMPLE IONS 


Let us consider compounds whose ions are separate charged atoms. 
Such compounds include, for instance, alkali halides and alkaline earth 
halides, certain oxides, and hydrides. Ionic alkali halides have been 
studied by many authors. In treating the data, almost all of these authors 
assumed that the diamagnetic susceptibility y which they observed repre- 
sents only the pure Langevincomponent, Inother words, they considered 
X»=0. Based on this assumption, they tried to find the diamagnetic 
susceptibilities of various ions from the principle of additivity. The 
ionic susceptibilities thus obtained were often compared withthe results 
of theoretical calculation. However, such an interpretation of the experi- 
mental data can hardly be considered valid, since it neglects a priori 
the Van Vleck paramagnetism. This method is often justified on the 
grounds that the ions are ‘‘almost’’ centrally symmetrical atomic 
systems in these substances, so that y, should be close to zero. This 
argument is disproved, however, by at least one experimental fact, 
namely, that even in systems of the type NaC! —KCl, NaCi — LiCl etc., 
the magnetic susceptibility of mixed crystals is not a linear function of 
the composition [43, 44]. The corresponding curve is given in Fig. 6. 
lt is seen that the molecular refraction, and hence, the polarizability of 
these systems, are almost exactly linear functions. In this connection, 
we have already indicated earlier [45] that, inthis type of a system, the 
deviation of the curve of total susceptibility from linearity may 
apparently be interpreted as a clear indication that y,+0. By using 
data on the dependence of the polarizability 2 on the composition and by 
using Kirkwood’s theory, it is indeed possible to show that in these 
systems the Langevin component of the diamagnetism y, is an almost 
linear function of the composition. By measuring the difference 
1 —Ya= 7%, at every point of the diagram, we can, therefore, determine 
the corresponding values of the Van Vleck paramagnetism. lt should be 
noted that the nonlinear curves of y vs. composition in systems where 
a and y, are linear functions may be explained from general considera~ 
tions of the theory of induced paramagnetism. Indeed, we have seen that 
in a series of ionic compounds of the same type y, = 9, (a), where 
¢,(a2) is some nonlinear function. Thus, even though « and y, vary 
linearly with composition, y, should vary in a nonlinear manner. In 
other words, the nonlinear function of y, is superposed on a linear 
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function of y,, so that the resultant function 
of the total susceptibility y deviates from 
linearity. This effect is shown schematically 
in Fig. 6 (for convenience, the diamagnetic 
susceptibilities y and y, are given in the 
upper part of the diagram, and y, is shown in 
the lower part). 

The nonlinear variation of y in solid salt 
solutions may also be interpreted from a 
somewhat different point of view. The break- 
down in the regularity of the alternation of 
ions in such mixed crystals will inevitably 
introduce some additional asymmetry into the 
ionic electron clouds and the reinforcement 
of the asymmetry will result in an increase of 
7,. Ve must, therefore, conclude that the above 
nonlinearity in the susceptibility y also re- 
flects the influence of the lattice defects of 

Sia aaa. solid solutions. This conclusion, in fact, 
pendence of Xe Yq and Lp points to the possibility of studying defects 
on composition in sosid of diamagnetic crystals by magnetic means. 
solutions of ionic salts, For example, we can definitely expect that 
the presence of packing defects in homogeneous ionic crystals should 
produce an increase in y,. 

Later, we shall return to a more detailed examination of solid 
solutions after studying the pure salts. In any event, the experimental 
data cited [43, 44] clearly show that the common practice of ignoring  , 
in ionic systems is fundamentally erroneous. Since this is the case, no 
real trust can be places in the numerical values of ionic susceptibility 
thus obtained (that is, by incorrectly neglecting y,) and widely published 
in various tables and references (for instance, [35, 46]). 

For this reason, we have recalculated the ionic diamagnetic sus- 
ceptibilities. In doing this, first of all, we tried to determiney, and x, 
from the existing experimental data on the susceptibility of crystalline 
alkali halides (see Table I). 

Examination of Table I reveals, first, that given the same anion, 
Xp increases with the atomic number of the cation in the majority of 
cases. Second, given the same cation, x, increases with the atomic 
number of the anion. 

For example, the appreciable value of y, in iodides demonstrates 
that the Van Vleck paramagnetism is in this case due to the distortion 
of the ions and their deviation from central symmetry. It is readily 
seen that in the series LiF, LiCl, LiBr and Lil the distortion occurs 
primarily in the anions (i.e., halide ions) while, on the contrary, in the 
series LiF, NaF, KF, etc., the gradual increase in y, is caused chiefly 
by the increased distortion of the cations. In such compounds as RbBr, 
RbI, CsBr and CsI, x, is caused by the mutual deformations of both ions. 

Frequent attempts have been made in the past to calculate y, anda 
of various ions and salts from purely theoretical considerations. 
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Table I 


Alkali Halide Salts in the Crystalline State 


0.93 10.1 ~0.3 
1.19 15.6 ~0 
2.06 23.6 ~0 
2.69 31.9 ae | 
3.82 44.5 4.0 
3.02 24.3 ~0 
3.5 30.3 ~0 
4.3 38.7 0.3 
9.00 46.0 9.0 
6.05 96.7 8.3 
4.2 34.7 4.5 
4.57 42.1 3.3 
3.9 49.17 4.83 
6.4 26.4 8.6 
(0 67.2 12.8 
6.35 50 8.3 
6.84 97.0 7.0 
7.766 63.8 9.7 
8.41 69.6—72.2 14.8—17.4 
9.77 82.6 18.4 


Crystals of KCl, for wnich we have particularly reliable experimental] 
data, are the most suitable in this respect. 

The first of these calculations was made by Pauling [47] who used 
very approximate formulas. Assuming that the structure of the K* 
and Cl” ions in the KCI crystal is exactly the same as that of these 
ions in the ‘‘free’’ state, Pauling obtained for KCl y,==—-45.7-107°, 
a==11.42-10 %. Slater [48], using a more rigorous formula, obtained 
for KCI y,=—40.19- 107° 

By modifying Slater’s method in that the screening constants were 
calculated separately for the s and p orbitals (Slater considered the 
constants for the 2s and 2p orbitals to be the same), Angus obtained 
Xq = —35.92- 107°, 

The most careful quantum-mechanical calculation of the Langevin 
susceptibility component of an ionic crystal was recently performed by 
Kristofel’ [50] for the case of a KC! crystal. 

Kristofel’s calculation differs from all the previous ones [47-49] in 
that it is the first to consider the difference between the wave functions 
of the K and Cl! ions in the crystal and the wave functions of these 
ions in the free state. Kristofel’ relies on the method of calculating 
the radial wave functions /,J;(r) of ions in the crystal, pro- 
posed by Petrashen’, Ivanova and Vol’f [51]; that method permits 
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accounting for the distorting effect of the crystal field on the ionic 
electron clouds (that is, compression or expansion). Without going 
into the details of this calculation, let us turn to its results. 

Kristofel’ [50] obtains the following values for the y, of the KCI 
salt and for the isolated ions K* and Ci” in their free states and in the 
crystal, respectively: 


Thus, Kristofel’s result for Yacryst is closest to that of Slater, ex- 
ceeding the latter by only a small amount. The most reliable experi- 
mental data for KCl crystals are as follows: 


~x-10° 


38.4 [52] 

38.8 [53] 

38.8 [54] 6 
38.6 (55] Average y = -—38.72 ~-38.7-10°. 
38.6 [56] | 

39.1 [57] 

Comparing these data with the calculated results of Pauling, Slater 
and Angus, we must reject Angus’ calculation because it gives much too 
low values. 

From Kirkwood’s formula, and remembering that from experimental 
data a=4.35.10 “ (np =1.490), we obtain for crystalline KCl X¥g=—39.0-10 ”, 
from which y,—0.3-10°. Our y, resembles most that of Slater, but is 
somewhat lower than the latter. 

If we accept the value found by Kristofel’, i.e., y,== —40.9-10, then 
Xp Should be equal to 2.2-10°°. However, we should take note of the 
fact that Kristofel’s calculation of polarizability, based on his calculation 
of the wave functions, produced «a=5.09-10°"% instead of the above 
experimental values4.35-10 ™“. It is quite natural to assume that the 
high value of a would have to be associated with a high y,. In our 
opinion, Kristofel’s value y, = —40.9- 10° is toohigh andhence, it cannot 
be used to calculate y,. We regard our values of y, and Xp as being 
Closer to the true values. Undoubtedly, the method initiated by Kristo- 
fel’ will be useful for numerical determination of x, and Zp. However, 
this method obviously requires some further refinement. Wethus come 
to the following conclusion: the calculations of Pauling, Slater and 
Kristofel’ yield high values of y, and a, while Angus’ calculation yields 
a very low value. The only method which takes into consideration the 
experimental value of « in calculating y, is the Kirkwood approximate 
method; the latter gives a value of ¥z Which is intermediate between 
the others. 
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The calculation of the Langevin component of susceptibility (y, ) 
of salts from Kirkwood’s relation opens a new possibility for deter- 
mining the corresponding ionic susceptibilities y,, and y,.. This 
separation may be accomplished in two ways: either by splitting y, di- 
rectly into y,, and y,_, or by indirectly separating the polarizability 
a into a, and a_, with subsequent application of Kirkwood’s relation 
to each ionic type. Separations of this kind presuppose the applicability 
of the additivity principle to both the Langevin susceptibilities y, and to 
the polarizabilities a. 

The calculation is most convenient with y,, and «, for the Lit ion, 
Since these can be calculated more reliably for that ion than for any 
other. The values of y,, for Lit,-yy=0.7-10-*(Slater), are considered 
to be the most reliable; from this we find «= 0.0254 - 10°" =~ 0.025 - 1074 
by Kirkwood’s method whereas Pauling [47] obtains «=0.029- 10°” 
from purely theoretical considerations and Kordes [58] getsa=0.024- neues 
Our value of « can apparently be considered quite adequate. Appropri- 
ately substituting this value and applying the principle of additivity to a, 
we find the ionic « values( Table II) from the experimental data for total 
a of these salts and calculate from them the ionic yj, via Kirkwood’s 
method. On the other hand, using X¥4,=—0.7-10-® for Lit, we find 
directly from the additivity principle the values of ionic yj, from the 
values found above* for the salts. 

We thus obtain two series of possible values for the ionic suscepti- 
bilities, namely, y and yj). These values then serve as a basis for 
calculation of the average xy, and the latter is then compared with the 
yz calculated from purely theoretical considerations by the Slater [48] 
or by the Angus methods [49], and with the x found by Brindley [59] 
from experimental data on crystalline salts (see Table II). 

Table II 


epee fee fe Tord 
a-1024 

~ x’, .10° 

~ x, 10° 

~Xdav' 10° 


6 
—Xd theor’ 19 
Slater [48] 


6 
—Xd theor LO 
Angus [49] 


= Xexp' 10° 3113.4 | 20.4 |36.6 
Brindley [59] 


*Since there is no basis whatever for preferring one of these methods to the other, one 
wonders under what conditions they produce numerical results sufficiently close to each 
other, It turns out that the basic restriction for the application of Kirkwood’s relation with- 
out contradicting either the additivity of polarizabilities, or the additivity of susceptibilities 
X%q» is the one relating the number of electrons & , and k, of ions A and B to their polariz- 


abilities a , and dpe Some simple considerations lead to the relation 2 fk Atak pt p © 


*B en Rpt, > from which R43 as R 3% 
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In most cases, Xdav lies between the theoretical values calculated by 
the methods of Slater [48] and Angus [49]. Since Brindley gives 
Mes GS 6 not y,, it is natural to expect that Xva, should be 
consistently somewhat larger than Brindley’s y,,,. Actually, this does 
not always hold. This irregularity of behavior may probably be attributed 
to errors of measurement. 

We are inclined to regard Xdav as the most reliable existing value 
of the Langevin component of susceptibility for these ions, 

In analyzing the y, of ions, one should remember that the mutual 
distortion of the ions manifests itself not only in the appearance cf Van 
Vleck paramagnetism, but also in a certain variation of y,, since the 
latter depends on the average density distribution of charges in the 
electron cloud surrounding the ions. Moreover, since y,~V «a, the 
dependence of y, on the surroundings is indeed found to be rather 
small. It should be noted further that our ionic polarizabilities differ 
from the values given by other authors. A tabulation of the existing 
data is given in Table III, 

Our ionic «a values are closer to those of Tessman, Kahn and 
Shockley [60] than to those of Pauling [47]. The results of the calcula- 
tion of y, show the plausibility of our « values. 


Table III 


ee a ee eee 
0.025]0.3 {1.1141.79} 2.92 10.91/3.2 | 4.4 |6.5 

0.03 10.41 |1.33} 1.98) 3.34 |0.64 | 2.96} 4.16) 6.43 
0.029 | 0.179 | 0.83] 1.40) 2.42 [1.04] 3.66} 4.77} 7.10 


Batsanov [127], in a recently published monograph, declares the data 
of Tessman and others to be incorrect, while the correctness of the 
Pauling a values is declared indisputable. Batsanov believesthat Tess- 
man, Kahn and Shockley have erroneously based their calculations on the 
additivity of polarizabilities, forgetting the mutual polarization of the 
ions. We do not think that Batsanov’s argument is convincing. It is a 
fact that everyone who calculated the ionic polarizability from the polar- 
izability of the salts had necessarily assumed the validity of the addi- 
tivity principle; deviations from additivity were always considered to 
be an evidence of ionic polarization. What really counts is the value of 
a taken as the basis of the calculation. Thus, Tessman, Kahn and 
Shockley took as the basis the polarizability of Lit (c= 0.03); Fajans 
took the polarizability (or, more accurately, the refraction) of Nat. 

It is interesting to compare the values of y, calculated from Pauling’s 
a values with the susceptibilities obtained from our 2 values (see Fig. 7). 


a-1074, our calculation 


a-1024, Tessman, 


Kahn, Shockley [60] 
a-102*, Pauling [47] 
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First, it is immediately apparent that the yz of cations calculated 
from Pauling’s « values are not only much lower than those found 
theoretically by Slater, but are also lower than the lowest theoretical 
estimates of Angus. 


Second, in the case of anions, Pauling’s « values give xy, that are 
higher than almost all of the theoretical results. This means, apparently, 
that Pauling’s polarizability values are exaggerated for anions and 
correspondingly too low in the case of cations. 

Third, our data for both anions and cations (except for Na* and F ) 
lie between the theoretical values of Slater and Angus. 

hy . 10° 
60 
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—c— Calculation of Slater 

—e-— Our calculation 

—o— Calculation with Pauling's ¢ 
—v— Calculation of Angus 


10 


J 10 2b 30 40 50 60 Oe 


FIG, 7, Diamagnetism of various ions, 


Our y,, lie, as a rule, above Brindley’s experimental y for ions 
in crystals; this is quite natural, since Brindley did not account for Xpe 
However, the y, calculated for cations from Pauling’s « values lie 
still further below Brindley’s data, which seems very strange. 

All the above considerations lead us to assume that our ionic 
polarizabilities « and susceptibilities y, are more reliable that the 
data of the other authors. 

Let us now return to the discussion of magnetic properties of solid 
salt solutions. M. Rakos [44] recently made a thorough study of the 
system KBr— KI, NaCI—KBr and NaCl—KI (see Figs. 8 and 9), 
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FIG, 8, Diamagnetic susceptibility of solic solutions (sys- 
tem KBr—KI): —true solid solution, + — mechanical 
mixture, )— eutectic point, 


He confirmed that the susceptibility of the mechanical mixture varies 
linearly with the composition, whereas the plot of susceptibility of the 
true solid solutions shows a maximum in the vicinity of the eutectic 
point. * Whatis interesting, therefore, is the fact that the eutectic com- 
position has a higher diamagnetic susceptibility than any of its (pure) 
components. It would appear that the strong mutual deformation of the 
crystallites in the eutectic causes the electric field surrounding every 
ion to be completely “‘smeared,’’ i.e., most symmetrical; thus, the 
distortion of the ions in eutectics should, therefore, also be most sym- 
metrical. This should be accompanied by a marked decrease (if not 
the disappearance) of the Van Vleck paramagnetism and thus the sus- 
ceptibility of the eutectic should approach pure y,. The data of Table 
II enable us to compute a hypothetical susceptibility of eutectics 
(assuming that y,—0) and to compare the calculated with the measured 
value [44], as well as with the susceptibility of the mechanical mixture 
with the eutectic composition (see Table IV). 

The agreement between the first and the last line of the table speaks 
in favor of our assumption. 

It is important to note that the susceptibility of the eutectic is still 
somewhat lower than the ‘‘pure’’ y,, i.e., a very small degree of Van 
Vleck paramagnetism is also preserved in the eutectic. 

Besides studying alkali halide crystals, we haveanalyzed, in similar 
fashion, a number of other ionic (and ‘‘almost ionic’’) halide crystals. 
The results of this analysis are given in Table V. 

A characteristic feature of salts containing Cut, Agt, Ti+, Hgtt, 
Pb++ and other ions is the high y,, which is due not only to the polar- 
ization of the anions, but also to the strong polarization of the cations. 
It would appear that these salts cannot be considered as purely ionic. 


* Ed, Note; The text accurately reflects the original reference[44] although the statement 
is not apparent from the inspection of the top curve, 
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NaCl Kor 

FIG, 9, Diamagnetic susceptibility of solid solutions (sys- 

tem NaCl—KB; ); O—true solid solution, + — mechanical 
mixture, | —eutectic point, 


The above cations do not belong among those which have the structure 
of inert gases, but contain built-up d-shells, which are readily distorted 
by the anion field. 


Table IV 


~y-10° experimental [44] 
(eutectic) 

—~y-10° experimental [44] 
(mechanical mixture of 
eutectic composition)..... 


~¥X -10° calculated (eutectic) 


Teble V 
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ae VI 

Ec AC 
0.06 2.4, }.15 20.0 
ra 0.7 11.0 gfe 2.1 32.9 


Table VI gives the y, of alkaline-earth ions calculated from Kirk- 
wood’s formula and based on the most recent data of their polarizabil- 
ities, 

Figure 10 shows y, versus 2 for several homologous series of 
alkali and alkaline-earth halides, namely, 


NaBr, KBr, RbBr, CsBr, 
LiCl, LiBr, Lil, 
Nal, KI, CsI, 
MeCl.,, CaClo, Sr€l5, BaClo5 
(Compounds containing Li* have been put into aseparate series because 


the structure of the Lit ion differs substantially from that of the rest of 
the alkali-metal ions), 


Xp- 10° 


20 Alkali 


iodides 


15 


Vy 


— 


— a we 
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FIG, 10. Variation of Y%p with oin alkali and alkaline-earth 
halides, 
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The polarizabilities of the iodides are determined chiefly by the I~ 
ion (16.44). This means that the paramagnetism of iodides is mainly 
due to the distortion of the anion. The part played by the distortion of 
the cation itself is apparently negligible in this case, but the nature of 
the distortion of the |” ion depends on the nature of the cation. 

The opposite situation arises for the series LiCl, LiBr and Lil 
where the distortion of the Lit ion is negligible. What distinguishes all 
these salts is the fact that their Xp, = 0. Since these ions are atomic, an 
intrinsic paramagnetism would appear only ifthe ionic crystal contained 
an appreciable amount of homopolar states; moreover, such states would 
have to possess an intrinsic paramagnetism. Apparently, no such states 
exist in these compounds. 

It is known that the susceptibility y of many salts changes when the 
latter are dissolved in water or other solvents. It is interesting to ex- 
plain in more detail what causes this change; we shall use the alkali 
halides as anexample, Since the polarizability of salts in solution differs 
also somewhat from the polarizability of crystalline substances, we sus- 
pect that the change in the total susceptibility is due chiefly to the change 
in the Langevin component y,. Wehavetriedto analyze this problem on 
some alkali iodides in which these changes are appreciable. 

The results of our analysis are given in Table VII. These data show 
that at least the magnetic susceptibility y and its paramagnetic com- 
ponent x,, aS well as the polarizability a are very sensitive to those 
changes in the ionic electron clouds which occur when the salt crystals 
are dissolved in water, Considering the relative simplicity of the meas- 
urement, it sould be expected that the correct theoretical interpretation 
and application of these quantities could be the source of valuable in- 
formation; for example, it could give some information as to the extent 
to which these salts deviate from the ideal ionic structure. 


Table VII 


vs 


68.0 


ea. 
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As we know, the solution of a salt in water results, first, in the dis- 
sociation of the salt, and second, in the solvation of the ions. We can 
picture to some extent how these processes should affect y, and y,. The 
dissociation of a salt into its ions, i.e., the separation of the ions from 
one another should, of course, decrease their mutual distortion and thus 
considerably reduce 7,. The solvation of the ions, i.e., their envelopment 
by water molecules, should expand(more or less uniformly) the electron 
clouds of both the anion and the cation, i.e., increase y,. 

The data of Table VII show that y, increases upon solution of the 
iodide salts in water, i.e., the ionic clouds do indeed expand somewhat. 
At the same time, the change in 7, indicates the effect of two mutually 
opposed factors. In salts with relatively large ions such as CsCl, Csl, 
KBr and KI, the solution process, that is, the separation of the ions, 
lowers x, as expected. However, in Lil and Nal, the solution process 
results in an increase of  y,; this seems puzzling at first sight. But one 
should remember that in addition to the salt, the solution contains a 
solvent (in this case, water). In experimental determinations of sus- 
ceptibility of a salt in solution, the susceptibility of the water is con- 
sidered constant. It would be quite natural to assume, however, that 
very small ions, especially the Li* ion, should distort the electron 
clouds of the H,O molecule (or of the hydroxyl ion OH~) and produce an 
additional Van Vieck paramagnetism in the water. Thus, in the presence 
of very small dissolved ions, the water will be less diamagnetic, i.e., 
its y will be numerically lower than it was prior to the solution of the 
small ions. Consequently, the experimentally obtained susceptibility of Lil 
and Nal is probably somewhat lower, due tothe unknown paramagnetism 
of the water. This reduction should be more appreciable in Lil than in 
Nal. 


Table VIII 


(tetrahedral) PbO 
(rhombic) PbO .. 44.0—42 | 30-36 


Let us now turn to the oxides. Table VII gives data from an analysis 
of their magnetic susceptibility. In the MgO, CaO, BaO series, x, rises 
gradually, thus showing an increased ionic distortion. SrO deviates from 
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this series, apparently because of a substantial error in the experi- 
mental value of x. The data of Table VII show that the quantity », can- 
not in itself serve as a general criterion for the polarity of a bond. 
Another interesting phenomenon is the fact that while in the alkaline- 
earth oxides the rise in y, is accompanied by an increase in the ionic 
character of the bond, in the ZnO, CdO, HgO series the decrease in the 
ionic character, observed via the shift of the color toward the red, is 
also associated with a rise in y,. Moreover, according to X-ray and 
electron diffraction data, the ZnO crystals show a hint of the formation 
of ZnO molecules (the Zn** ion is not located exactly at the center of 
the tetrahedron formed by the O ions, but is slightly displaced with 
respect to one of them). 

Figure 11 shows graphically the variation of y, with « for these 
oxides, In oxides of alkaline-earth metals, there is a slight tendency 
toward appearance of y,,#90. This would appear to indicate the pres- 
ence of homopolar states of the type 


Mg=O Ca=O Ba=0O. 


It should be noted that calculations of the lattice energies of these 
oxides, carried out with the Born-Haber cycle, also point to the in- 
adequacy of the purely ionic treatment [61]. As we shall see below, a 
double bond is always accompanied by a Van Vleck paramagnetism. 


a-i0%4 


FIG, 1 Variation of y, with a in oxides and peroxides, 
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We would expect then that homopolar states are thus even more likely 
in the oxides of Zn, Cd and Hg. However, Fig. 11 clearly shows the 
absence of y,,. AS we have already pointed out, the bond in this case is 
undoubtedly stronger; it would thus appear that only semipolar single 
bonds of the type Znt—O7;Cd+—O ; Hgt—O°™ are invoived in ZnO, CdO 
and HgO; these bonds lack appreciable paramagnetism., 

That bonds of this type are possible in oxides of Zn, Cd and Hg, 
follows from the fact that Cd and Hgform the univalent oxides Cd,O and 
Hg,O in addition to the divalent ones. 

For plotting the (experimental) variation of paramagnetism with «a 
for oxides of elements of group IV, we have only two points at our dis- 
posal, that is, those for SnO and PbO. However, the curve in all proba- 
bility intersects the ordinate. This means that the oxides SnO and PbO 
manifest, aS would be expected, an appreciable content of homopolar 
states 


Sn=O and PbO, 


which possess intrinsic paramagnetism, Since the relative fraction of 
these homopolar states in the individual oxides are unknown, we cannot 
(as was pointed out in Sect, 1) determine the 7, per molecule; we can 
only say that these states occur and that they contain some structure 
which promotes the manifestation of y, +0. 

Finally, let us mention the hydrides. Unfortunately, of the large 
number of hydrides which are of interest to magnetochemistry, only 
LiH, whose susceptibility isy——4.6-107°, has been studied experi- 
mentally. Keeping An mind that a= 1.35. 10724, we find y,= —7.3-10°°. 
Thus, y,= 2.70 - 107°, i.e. Xp 18 quite large, relatively speaking. This 
indicates that the H’ ion is subjected to an extremely strong deformation 
in the LiH lattice, and that the purely ionic treatment probably does not 
correspond to the actual situation in this case. 


3. COMPOUNDS CONTAINING MOLECULAR IONS 


Turning to ionic compounds containing complicated polyatomic ions, 
we Should first of all consider those which include the ammonium ion, 
NH; and discuss the ammonium halides (Table IX). The mere fact 


wn 
47.0 
64.4 [62] 


Table IX 


Substance 
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that in ammonium chlorides and fluorides y,=0, clearly indicates 
that the NH; ion is virtually devoid of intrinsic paramagnetism ee 
and that the entire Xp is solely due to distortion effects. The crystal 
radius of the NH; ion is about the same as that of Rb’, so that, as 
Coulson [63] has pointed out, the salts of these substances are iso- 
morphous. The paramagnetism of ammonium halides is found to be 
slightly lower than that of rubidium salts. 

The alkaline-earth peroxides were first obtained and thoroughly 
investigated by Kazarnovsky and Nayding [64]. We obtain the following 
magnetic susceptibilities for these compounds. 


CaO, 40.0 23.8 
SrO> 5.1 51.0 32.3 
BaO, 6.3 66.0 40.6 


Table X 


From Fig. 11 we can conclude that when a-+0, yp, = 0, i.e., the per- 
oxides are of an ionic nature. 

This result is a convincing verification of the Nayding~Kazarnov- 
sky hypothesis [64], that a molecular ion 0. , which is structurally 
Similar to the isoelectronic molecule F, (it lacks an appreciable intrin- 
Sic paramagnetism) is present in these peroxides (See Ch, IV, Sect. 2). 

Now, we consider the nitrates, carbonates and sulfates. Using our 


method of analysis for susceptibilities, we find the following values 
of x, and y,: 


Table XI 


NaNQ3 
KNO3 

RbNO3 
CsNO3 
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Table XIII 
DelD 09.5 46 9.5 


6.15 13.8 


Figure 12 shows the variation of the y, of these compounds with 
a2 (for convenience). We see first of all that the nitrates display a 
very appreciable intrinsic paramagnetism y,, =~ 15- 107°, probably due 
to the NO; ion. As we shallsee later, this paramagnetism is in agree- 
ment with the existing concepts of the structure of the nitrate ion, 
whereby this icn is renresented by the formula 


TO o7 
\ F 


The carbonates yield a curve which intersects the ordinate at 7¥»,=5- 107°; 
this fact is related to the structure of the carbonate ion 


per 
C 


f 
1 O a 
which we shall examine below, 

With regard to the sulfates, Fig. 12 shows two different curves: 
one for MgSO,, CaSO,, SrSO,, BaSO, and the other for Na,SO,, K,SO,, Rb,SO 
and Cs,SO,. It is very striking, however, that both curves should lead 
to values of y,, which are very close to each other. From the data for 
the alkaline-earth sulfates y,=—~8.3-107°, from the data obtained for 
alkali sulfates ¥p,0210.75-10°°, i.e., the average for the sulfate ion is 
Xp,==9.5°- 10°" 

We shall discuss the structure of this ion in greater detail a little 
later. In any event, the fact that ,,, is present indicates that the S=O 
double bond plays an important part in the structure of SO;~. 

Let us now discuss the Langevin component of susceptibility. Using 
our earlier data for polarizability « and susceptibility y, of Na*, K*, 
Rb” and Cs* (Table II), we find yz —34.8+£0.9-107° 223.7. 107% 
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for the NO; ion. In the same way, a comparison of the data of Table 
VI and Table XII leads to y,22—(38.442)-10°°, ae4.t-1077 for 
the CO;~ ion. 

It is worth noting that the isoelectronic ions NO, and CO;~ have 
very similar diamagnetic susceptibilities and polarizabilities, For the 
SO,” ion we find 


X¢ = — 49.5 £1.0- 107%, 


a—5.0-107", 


The intrinsic paramagnetism of molecular ions could also have been 
determined on dilute aqueous salt solutions since, as we have pointed 
out, the dissociation of a salt causes a considerable reduction in the 
mutual asymmetric distortion of the ions and thus also in the induced 
paramagnetism. However, the paramagnetism of molecular ions in 
solution can be determined only if both the susceptibility and the 
polarizability of that salt in solution can be measured with sufficient 
accuracy, i.e., when the properties of the salt can be separated from 
those of the solvent (water); this, as we have seen, is far from simple. 


776 
X,-10 


30 


— 


10 8 
aw?. 19% 


FIG, 12, Variation of ;y, with « in nitrate, sulfate and carbonate 
crystals, 

Hydrated salts are another possible source of information on the in- 
trinsic paramagnetism of molecular ions. Water molecules usually sur- 
round that ion which produces the strongest distorting effect on its neigh- 
bors. Therefore, the H,O molecules of hydrated salts cause a marked 
reduction of the mutual distortion of the ions. On the other hand, in the 
case of hydrates, it is not necessary to separate the polarizability of the 
salt from that of the water of cryStallization. However, this separation 
can be avoided only if there is a slight change in X¢ 

Let us show how hydrated crystals may be studied. We shall 
assume, first, that the y, of the salt remains unchanged, and second, 


64 Diamagnetism and the Chemical Bond 


that all of its paramagnetism is due to the intrinsic paramagnetism: 


MgSO, + 7H,O; y= — 135.7- 107°; a= 16.0- 107" 
¥,= — 144.5- 107°, 


L) 


so that Xpsor~ =8.8- 107° 


MgCO, - 3H,O; y= — 72.7- 107°; a=8.85+ 107”; 
%4= —78-107°, 


so that ¥,,.9-- =5.3- 107°. 

These values are in good agreement with experimental data. It 
would thus appear that in these salts the ionic y, changes only slightly 
in the presence of H,O molecules. Let us recall that the Van Vleck 
paramagnetism of salts in the nonhydrated state (see Tables XII 
and XIII) is 9.5 and 7.3, respectively. As should have been expected, 
the y, is higher in anhydrous salts than in hydrates, because in an- 
hydrous salts yp=xXp,,+X%», and both the intrinsic and the induced para- 
magnetism x,, are present, whereas in hydrates, the paramagnetism 
is almost entirely intrinsic. The degree of inhibition of the induced 
paramagnetism depends on the number of molecules in the water of 
crystallization: 


MgSO, : Xp = 9.3 - 107%, 
MgSO,-H,O: —¥, = 9- 107°, 
MgSO,-7H,O: y,=8.8- 107°. 


The existence of homopolar (covalent) states, which possess their own 
intrinsic paramagnetism y,, is also possible in all the compounds 
enumerated above. Consequently, a portion of the observed y, may 
be due, in principle, to the covalent states. This possibility may be 
neglected only in those cases where, on the basis of various physico- 
chemical data, we can consider a given compound as essentially ionic. 
It goes without saying, however, that the problem of the presence of 
covalent states should be considered separately for each individual 
case. 


4, GENERAL CONCLUSIONS 


We have discussed some ionic compounds for which sufficiently reli- 
able experimental data are available inthe literature. These compounds 
permit us to separate the magnetic susceptibility into its component parts. 

The new method for analyzing these data reveals the following 
outstanding facts, 

First, it is possible to follow the distortion of ions in a homologous 
series. 

Second, it is possible to determine the true contribution of Langevin 
diamagnetism arising from each individual type of ion. 
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Third, it is possible to detect homopolar states in ionic compounds 
which do not contain any complex molecular ions, provided those states 
possess an intrinsic paramagnetism. 

Fourth, it is possible to reveal the presence of an intrinsic para- 
magnetism in ionic compounds containing molecular ions; this para- 
magnetism is specific for a given type of ion and is characteristic of 
its structure. 

Fifth, the presence of diamagnetic impurities or packing defects in 
ionic crystals should manifest itself as an increased Van Vleck para- 
magnetism. Thus, it may be possible to study these defects by magnetic 
means. On the other hand, the strong mutual distortion of crystallites 
in eutectics shows up as a sharp drop in paramagnetism. 


Chapter IV 


MAGNETIC PROPERTIES AND STRUCTURE OF THE 
COVALENT SINGLE BOND IN MOLECULES AND 
CRYSTALS 


1, BASIC CHARACTERISTICS OF THE SINGLE 
COVALENT BOND 


The covalent single (or sigma) bond is formed by a single electron 
pair with antiparallel spins. 

Because the spins are antiparallel, the resulting magnetic moment 
of the pair is zero. Therefore, the electron cloud of the bonding pair 
should possess, first, a Langevin diamagnetism ;7,, dependent on the 
size of the cloud in accordance with Eq. (8) of Ch. I, and second, a Van 
Vleck paramagnetism y,, which is a function of the symmetry of the 
cloud. 

The electron cloud of an isolated single bond is usually a body of 
revolutions whose axis coincides with the direction of the bond. Thus, 
the electron cloud of the single bond is axially symmetric. The Van 
Vleck paramagnetism of the electroncloud ofthis bond would, of course, 
differ from zero. 

However, a purely qualitative geometrical analysis of the process 
involved in the formation of a s-bond by two identical electron clouds 
shows that the degree to which the symmetry of the electron cloud of 
the combined bonding electron pair approaches the sphericalis directly 
proportional to the degree of mutual overlapofthe two individual clouds 
(Fig. 13a, b and c; Fig. 14a and b). This is particularly clear in the 
case where the s-bond is formed bytwoidentical orbitals (for instance, 
two sp orbitals; see Fig. 13); thus, as the symmetry of the combined 
bonding electron cloud approaches the spherical, the paramagnetism 
Zp Of the latter should approach zero. 


In addition, we know that the larger the overlap integral J ‘av, of the 


two electron clouds, the higher the energy of the bond which is formed. 
We may thus expect that the Van Vleck paramagnetism should decrease 
with the increasing strength of the covalent bond(other conditions being 
equal). 

Let uS now consider a gradual transition from a purely ionic to a 
strong, covalent single bond (other conditions being equal), and explain 
how that will affect the Van Vleck paramagnetism (Fig. 15a, b and c), 

If the ions of a purely ionic bond are distorted only slightly, x, 
should be very small. A gradual transition to a weak covalent bond is 
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FIG, 13, Electron cloud of an isolated o-bond 
as a function of the degree of overlap (two sp 
orbitals), 


accompanied by an increased distortion of the ions, and this in turn is 
followed by an increased j,. 


FIG, 14, Electron cloud of an isolated 
3 «bend as a function of the degree of over- 
lap (s and sp orbitals), 
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Thus, transformation of the ionic bond into a weak, covalent single 
bond should increase the Van Vleck paramagnetism. Then, as the 
symmetrical covalent single bond becomes stronger, the paramagnetism 
Should again decrease. Thus, we may set up the following tentative 
diagram: ' 
Purely ionic Strongly 
bond with low distorted 


Weak covalent Strong covalent 
single bond single bond 


distortion of ions ions 


Slight Appreciable Appreciable Slight 
Van Vleck Van Vleck Van Vteck Van Vleck 


paramagnetism paramagnetism paramagnetism paramagnetism 


Of course, we should not forget that y, is also influenced by other 
factors in addition to {hose indicated, as ‘for example, by the value of 
the energy AE=E)”—E,. Moreover, as we have already pointed out, 
one factor influencing the Van Vleck paramagnetism is the difference 
in the hybridization of the atoms. The above diagram describes only the 
trend, but does not necessarily hold under all conditions. 


FIG, 15, Gradual transition from a purely 
ionic bond to a weak covalent c-bond, 
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We will now consider some characteristics of the covalent single 
bond as they occur in various types of molecules. 


2, THE HYDROGEN AND OTHER SIMPLE MOLECULES 
a) Diatomic Molecules 


The H, molecule is made up of two atoms which were initially in the 
'S state. Calculations show that the electron density distribution over 
that molecule corresponds to the one shown in Fig. 16, 

The fact that the combined electron cloud of the H, molecule has a 
Symmetry which differs somewhat from spherical produces a Van Vleck 
paramagnetism (the data onthe H, molecule have already been discussed 
in Sect. 2, Ch, II). 


Ce 


FIG, 16, The electron density 
distribution in the H2 molecule, 


Among the other diatomic molecules, the halogens F,, Cl, and Br, 
alSo possess single bonds [63]. An analysis of the susceptibilities of 
these bonds is given in Table I. 

Because of some technical problems involved in the measuring pro- 
cedure, the susceptibility data obtained in liquids are more reliable 
than those for gases. Therefore, we are citing only the former. No 
experimental data are available for fluorine. 

Among the simple diatomic molecules in which two unlike atoms are 
linked by a single bond, let us consider first of all the hydrogen halides 
HF, HCl, HBr and HI (see Table II). 

Table I 


40.5 (liquid) 
56 (liquid) 


70 Diamagnetism and the Chemical Bond 
Table Il 


8.6 (74] 


22.1 [74] 
32.2 [74] 
47.7 [74] 


Weltner [17] has examined the y, of the DI molecule on the basis of 
molecular spectroscopic data. Since it is known that the interatomic 
distances and dissociation energies of the HCl and DC] molecules are 
the same, it would be expected that the HI and DI molecules also have 
identical interatomic distances and dissociation energies. If that is the 
case, the magnetic properties of their electron clouds should, in all 
probability, be virtually identical. It would, therefore, seem legitimate 
to compare our data for HI with Weltner’s [17] data for DI 


HI | DI 
53 | 42 


Xp- 10° 


Considering the approximate nature of these data, the agreement 
between them is quite satisfactory. 

It is interesting to note that the Langevin component y, in hydrogen 
halides is smaller than that of the corresponding halide ions, but is 
larger than that of the corresponding neutral molecules (if the y, of an 
atom is taken to be equal toapproximately one-half of the total suscept- 
ibility of the molecule), as can be seen from the following comparison: 


These data show clearly that the hydrogen halide molecules, although 
polar, cannot be considered ionic (in the purely ionic systems H‘Cl - 
and H’Br~, the values of y, should be higher than those actually ob- 
served). 

Indeed, according to Coulson [63] the molecule HF is 43% ionic, 
HC1—17%, HBr—11% and HI—only 5%. 


b) Tri-, Tetra- and Pentatomic Molecules 


We shall consider here the following Simple molecules with a single 
bond: H,O, H,S, H,O,, NH, and NH; . 


Very careful experimental studies yield the following data for H,O: 
Nig = -12.96-10-5, ice ~12.65- 107°. Considering that , gq =. 48 « 


10" and a;,,.=1.4- 10“, we obtain from Kirkwood’s ac Xd liq = 


—12-10° and y;,,.==—11.6- 10-6, Here, we encounter the exceptional 
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case where the measured susceptibility 7 is 6 to 8% higher than the y, 
calculated from polarizability. lt is interesting that ifwater is regarded 
as H'—OH™ and Xz 1S calculated from «a obtained experimentally for 
the hydroxyl ion Ol” («=2.04-10°° [75]), then y =—14-.10°5, 
from which xpjjq 7 1.07-10°° and yp4.,2% 1.35 107°, 

At this point, let us note that the freezing of water, which is associ- 
ated with a decrease in density, i.e., an expansion of the structure, 
Should be accompanied by an increase of the Van Vleck paramagnetism. 
That this is the case is shown by the above data. 

The molecular spectroscopic data for isolated H,O molecules [17] 
indicate that: 


CT amey | i 


(pS LAG He: ® 


No matter what the experimental approach, we can see that water 
displays a peculiar anomaly whose cause thus far remains unexplained. 
The inapplicability of Kirkwood’s formula to water is probably due to 
the peculiarities of the electron density distribution. 

The structure of the H,S molecule is similar to that of H,O, except 
that H,S is considerably more homopolar. For H.S,we find (ata = 3.78 - 
10°") xg = —25.7-10°°. Since y= —25.5- 107°, then apparently y, =0. 

Thus, the H-S covalent bonds produce a negligibly small y,. The 
H,S exhibits no anomaly whatever. 

As far as the ammonia molecule NH; is concerned, the susceptibility 
of gaseous ammonia, according to the latest data [127], isy=—16.3 = 
0.8.10 —. 

The susceptibility, as determined from aqueous ammonia solutions, 
is y,=—17.10-10°°. However, from the polarizability of liquid ammonia, 
5 ae 8 10 **, we find for the NH, molecule y,==—14.9- 10°. The fact 
that in this casey, is smaller,evenconsideraly smaller, than x seems 
very strange indeed. As we shall see later, when the additivity prin- 
ciple is used, the yx, of ammonia cannot attain the value of —17- 107° 
or —18-10 ° either; therefore, it is possible that the values of y= 
—17.1-10°° or —18-10°°, given in the table, are incorrect. lf we use 
the most accurate spectroscopic data [76], we find that in the NH, 
molecule, y,—= + 4.3-10°°. Combining this value with they, =:—14.9- 
10°° which we have calculated, we get for the expected y: —10.6-10”. 
This problem evidently requires a thorough experimental verification. 

Baudet, Tillieu and Guy [9] used the atomic functions of Slater [6] 
and Duncanson-Coulson [77] in conjunction with the variational method, 
and calculated the susceptibilities of a number of single bonds, includ~- 
ing those in N-H and O-H (Ch. I). This, as we have seen, allowed them 
to obtain values for various diamagnetic amine and alcohol molecules 
which were in good agreement with the experimental susceptibilities. 
However, no agreement was obtained for NH, and H.O, as can be seen 
from Table lll. The calculated susceptibilities , are lower than the 
measured ones. In other words, these authors encountered the same 
difficulty as we have, even though they followed a completely different 
approach, 
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Table Ill 


10° 
a ale ’ 

calculated with -\- 10° 
Duncanson - Coulson experimental 


-y- 10°, 
calculated with 


Slater’s functions , , 
functions 


Let us now examine hydrogen peroxide, H,O,. Basedon a= 2.32: 10 74 
the Langevin diamagnetism is 7,——20-10 °, and since y=—17.7-10°°, 
then y,==2.3- 10°. It would seem at first sight that hydrogen peroxide 
should be similar to the ionic compoundsCa’ "Oz; ~, Sr**O2: and Ba® ‘Oz, 
which we discussed above, that is, that it should be H, O7~. If that 
were the case, however, the y, of hydrogen peroxide should amount to 
no less than —29~—33-107-°. Thus, our value of y,—=—20-10°° for 
H,O, clearly indicates that this model does not hold for H,O,. 

Indeed, these considerations, as well as x-ray studies of hydrogen 
peroxide crystals [78, 79] indicate that the H,O, molecule is a covalent 
system such as 


H 
| 
O—O. 
| 


H 


Finally, we shall discuss the molecular ammonium ion NH?. 

As we have already indicated, molecular ions may exhibit two types 
of Van Vleck paramagnetism: the intrinsic and that induced by the en- 
vironment, AS we have seen (Ch. II, Sect. 3), the ionic ammonium salts 
lack intrinsic paramagnetism. 

Thus, considering the y, values of halide ions (Table IX, Ch. IN, 
we obtain y,=—14-10° for the Langevin diamagnetism of the NH? 
ion. 

The absence of intrinsic paramagnetism in the ammonium ion is 
reflected by the following schematic of its structure: 


HL, 
wv | 


This is similar to the picture presented by the isoelectronic methane 
molecule CH,: 


Ul 
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for which, by extrapolation of the experimental data 
X= —16.0+0.5-10°° 
at 
X41 = — 15.87-10°° 


from a=2.61-10°™, i. e. »Xp==9 (see Appendix), and fromthe latest data 
[121]: —17.4+0.8-107° 

It would appear that in this case, the N and C atoms are both in the 
same hybrid state sp? and this is confirmed by the tetrahedral arrange- 
ment of the hydrogen atoms in the two molecules. Several attempts 
have been made to calculate the magnetic susceptibility of methane 
from theoretical considerations. 

Thus, in 1941, Buckingham, Massey and Tibbs [81], using the method 
of the self-consistent field, obtained —33.2-10°° for the susceptibility 

of methane. In 1942, Coulson [82], using the molecular-orbital method 

on the one hand, and the method of electron pairs on the other, obtained 
—26.6X10°§ and —27/7x10~-*, respectively. In 1957, Tillieu [5], 
using the variational method and various coefficients, obtained the 
following values for the susceptibility of methane: 


Slater’s coefficients —17.56 x10-6 
Slater’s coefficients —17.11x10-6 
Coulson’s coefficients —16.35 x10-6 
Coulson’s coefficients —16.23x1076 
Slater’s total function —15.23x10-6 


which is very close to the extrapolated value —16.00-10°° which we 
found from experimental data. 

Recently, Hameka [83] focused attention on the fact that the approxi- 
mate wave functions in a magnetic field, which were employed by Coul- 
son, do not have a gauge invariance, although the original rigorous 
functions do. Hameka proposed a calculation method which eliminates 
this error, and obtained for the methane molecule: 


%4 = —13.906 - 107°, 
Xp = +0.189- 10° 
i.e., for the total susceptibility 


xy =—13.72- 107° 


Hameka considered his result to be very good, because he started from 
the incorrect experimental methane susceptibility =—12.2- 10° ° (Bitter 
[84]). If, however, Hameka’s theoretical result is compared with the 
most reliable ‘‘experimental’’ value, —16.0- 10. . which we have ob- 
tained by extrapolation, then it would seem that Hameka’s method con- 
ceals Some serious error. 
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Thus, the numerical value of the susceptibility of methane, or at 
least its calculated value, remains unclear. 


3, SATURATED HYDROCARBONS 


Saturated hydrocarbons contain only the single bonds C-C and C-H. 
However, aS we Shall see later, the various isomers do not display 
bonds with the same properties. Trew [85] was the first to observe 
that branched saturated hydrocarbons are somewhat more diamagnetic 
than their normal isomers. Pascal, Pacault and Hoarau [24] took this 
into account in their new system by ascribing an additional diamag- 
netism (diamagnetic increment) of —0.8-10-° to each methyl group 
CH, and added this increment to the susceptibility calculated from the 
additivity rules. Later, we Shall discover the physical meaning of this 
incremental diamagnetism. Since it is obviously desirable to start the 
discussion with the simplest saturated hydrocarbon molecules and 
then to consider the most uniform structures, we Shall first consider 
methane and ethane; then we analyze the most highly branched isomers 
inaSmuch aS the latter are made up of the Same CH, building blocks 
and also lack methylene groups. 

Table IV shows the pertinent experimental data and their analysis. 


Table FV 

-\ = 

Substance a- 1074 —Xq° 10° -X: 10° nee 

Methane... ..........05. CH 4 16.0%; 

17.4 [121] 
FURAN gears fh gui kiG. ein Hs CoH, 27.3 [84]*; 
26.8 [121] 
2,2-Dimethyl butane Be ee es ah CeH14 76.21 [86] 
2,2.3-Trimethylbutane ..... CrHi¢6 88.32 [86] 
2,2,3-Trimethylpentane. .... Cglig 99.83 [86] 
2,2,.4-Trimethylpentane..... Cglli 98.30 [86] 
2,6-Dimethyloctane tte Oo See Ciotlo2 122.54 [85] 
2,4-Dimethylnonane....... Cagle, 134.68 [85] 
3,4-Dimethylnonane....... CiyHe,4 134.70 [85] 
4,5-Dimethylnonane....... CiyHo, 134.52 [85] 


2,2,4,7,9,9-Hexamethyldecane | C,6H34} 30.4 (?) | ~195 193.7 [86] 


* See Appendix. 


The last column lists the differences ¥ —Y¥4==4, which lie within 
the limits of experimental error and confirm the fact that Xp iS very 
Close to zero in all these compounds (except in ethane C,H,). 

Thus, it turns out that the Van Vleck paramagnetism of most highly 
branched saturated hydrocarbons is virtually absent. 
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FIG, 17, Hydrocarbon chain, 


We will now examine the opposite extreme case, that is, the normal 
isomers of these compounds. 

These chain molecules have only two methyl groups (terminal), 
while all others are methylene units CH, (Fig. 17). The experimental 
data and their analysis are given in Table V. 


Table V 


39.6 [84] 

38.6 a 

52.5 

50.3 ail i 

n-Pentane ... . 4. 63.03 [861 | 
| 
| 
| 


Propane .... 


Butane 


74.02 [86] }1. ph 
74.0 [27] 

85.21 [86] }2. average. 
85.5 [27] }2. 2.6 
96.60 [86] |3.: average 
97.0 [27] |3. ey a 
108.8 [86] |3. average | 
108.0 [27] | 4. 3.95 
119.32 [86] | 4. average 
119.74 [85] 

n-Undecane .. 131.84 [85] 

n-Hexadecane. 187.5 [86] 


n-Hexane... . 
n-Heptane... 
n-Octane . 

n-Nonane... . 


n-Decane.... 


* See Appendix. 


Figure 18 shows the variation of x, with the number of CH, groups 
in the molecule. 
It is an interesting fact that in butane 


the two CH, groups give a value of yx, which is lower than in propane 
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H H H 
I ot 
H—C—C—C—H 
| | | 
H H H 


which has one such group; however, in the series starting with n-pen- 
tane, x, increases approximately in proportion to the number of CH, 
units in the homolog. 


x, 10° 
8 


7 
6 


$ 


0'23 45 6 76 GF OH ht 3 
No, of CH2 groups in molecule 


FIG, 18, Variation of Xp with the number of CH? groups 
in normal alkanes, 


The fact that y, increases with the number of methylene units can 
also be seen in isomers of the same elemental composition. For in- 
stance, in octane isomers. 

2,2,3-trimethylpentane: 


H,C CH, H 
| | | 
H,C— oe mee 
|| 


2,3-dimethylhexane: 
H,C CH; HH = 
1 t td Xp = 1-100, 
H,;C—C—C—C—C—CH,, i.e., 0.5 x 1076 
Loe abd per CH, unit; 


H H HH 
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3-methylpentane: 


HCH,H H H 

a (ee ae (ae 210", 
H,C— C—C— C—C—C—CH,, ice., 0.5 - 1078 

i i ae he per CH, unit; 


n-octane: 


H H H H H H 

Po de hk ee Xp = 3.2 * 1078, 
H,C—C—C—C—C—C—C—CH,, i.e., 0.53 * 1078 

ke ie eae at per CH, unit. 

H H H H H H 


The same trend is also observed in the isomers of decane, C 19 Ho» « 
2,6-dimethyloctane: 


H,C ; H H CH, H 
| I J ot 

alk ae he ie oh ks Xp = 0.46 + 10°, 
| of | | | 
H H H H H H 


4-methylnonane: 


| 
H3C—C—C—C—C—C—C--C—CH,, y¥,22:10°; 
bh WF he i ab 4 
H H H H H H H 
n-decane: 
H H H H H HH H 
re or es ae ea Xp = 4.5 * 10-8, 
H,C C—C—C—C—C—C—C—CHy,, i.e., 0.56 - 10 -6 


| | ft | per CH, unit, 


Thus, it turns out that in isomeric alkanes the greatest Van Vleck 
paramagnetism is displayed by the normal isomers, while the smallest 
is shown by the most highly branched isomers. 

Information on this problem is revealed by the fact that the various 
isomers are known to store differing energies. Thus, the most highly 
branched isomers have the largest heats of formation, while that of the 
normal ones is the smallest. 
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In other words, the C-C and C-H bonds are somewhat stronger in 
branched isomers than in normal ones, as can be seen from Table VI. 


Table VI 


Neat of formation, Q 


Substance (at 298.16°K) 


n-llexane 1527.3840.190 
3-Methy lpentane 1528.44+0.230 


2 ,3-Dimethyl butane 1529.91 +0.240 
n-Octane 1998.32+0.20 
3-Methy Iheptane 1999 .34+0.27 
2,3-Dimethylhexane.......... 1999 .63+0.36 
2,2.3-Trimethyl pentane 2001 .11+0.36 
2,2,3.3-Tetramethylbutane. ..... 2002.49+0.46 


The values given in the above table confirm almost graphically the 
assumption made in Sect. 1 about the relationship between the strength 
of the single bond and its paramagnetism. 

However, the numerical data on both the polarizability and the sus- 
ceptibilities of isomers are not sufficiently accurate to provide an 
explanation of the precise effect of the methylene groups on the y,. 

The examination of various isomers also reveals some new pe- 
culiarities. For instance, 2,2-~dimethylpropane which is an isomer of 
pentane C,H, 


CH, 
| 
H,C—C—CH, 
| 

HC 


has a 7 
Np = 2.4-107° 


while 4~methyloctane, an isomer of nonane C,H, 


H H H H HH 
ee 
HyC—C—C—C—cC~C—C—CH, 
Et a hk ah ol 
H H CH,H H H 


has a 
¥, = 2A 10. 


However, 3-methyl-3-ethylpentane, an isomer of octane Ce Hi 


~~ 
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CH, 
H a 
ec 
Ho H- hack 
cH, 


has a 
Xp = 9. 


The available experimental data are thus far insufficiently accurate 
to reveal all the characteristic properties of y,. Only a very thorough 
study of isomers could reveal the fine distinctions in the structure of 
Single bonds as related to the environment of the latter. The existence 
of such relationships was noted as early as 1940 by Mamotenko [87]; 
these relationships were recently examined in detail by Tatyevskiy [88]. 

The problem of cycloalkanes is closely related to that of alkane 
isomers which we have just considered. We must emphasize, however, 
that the magnetic properties of cycloalkanes have not yet been suffi- 
ciently studied. Nevertheless, some of their important properties 
have been detected (see Table VII). 

As far as cyclopropane is concerned, it was found that numerically 
its y>y,- Whether this is really true or whether this conclusion is 
due to an error in the measurement has not yet been established. 

In cyclopentane, which has been thoroughly studied, Xp = 0, i.e., 
once joined into a ring structure, the five methylene units, do not 
exhibit the same paramagnetism (y,—2.6-10°°) which was observed 
with five CH, units in n-heptane. Furthermore, the six methylene units 
in cyclohexane give y,—=4.9-10 °, whereas the six methylenes in n-~ 
octane, for instance, produce considerably smaller paramagnetism 
(y, = 3.2-10°°). According to the latest data [121], the eight methylenes 
in cyclooctane give y,=9.7-10 °, while on the other hand, the eight 
methylenes of n-decane produce only y,=4.5x107°. 


Table VII 


Cyclopropane, C3H6 ... 39.9 <0 (?) 


Cyclopentane, CsHjo. . . 09.18 
Cyclohexane, CgHy9... 66.1 
Cycloheptane, C7Hyq. . . 73.9 [121} 
91.4 
Cyclooctane, CgHyg ... ‘ 85.3 [121] 
Cyclododecane, Cy9H9q. 132.5 [121] 
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There is another interesting fact. While branching of normal paraf- 
fins as a rule, causes a decrease in y,, the opposite effect is observed 
in cyclic paraffins, Branched methyl cycloparaffins have a somewhat 
higher xy, than the unbranched ones. For instance, 


4 


cyclopentane C,H), Xp = 9, 

methylcyclopentane (CH,) C.Hy Xp = 2.13 - 

1,3-dimethylcyclopentane (CH,),C;H, y,=3.7> oO" 
Further, 

cyclohexane C,H), Xp = 4-9 > aa 

methylcyclohexane (CH,) C,H,, Xp = 5.5 - 


Therefore, the distortion of structural symmetry of the cyclo- 
paraffins caused, for example, by replacement of hydrogen by methyl 
groups, leads to an increase in y,. Furthermore, 


in heptylcyclohexane CH,(CH,)gC.H), 10°- y, = 8.6 = 4.9-++ 3.7; 
in octylcyclohexane (CH,(CH,),CsH,, 10°-y,= !0=4.9--5.1, 


e., the side chains show the properties of normal paraffins in which, 
as we have noted before, the paramagnetism is related to the number of 
the CH, groups. 

The fact that 10°. y,—4—5 is indeed a property of one ageisnexané 
ring can be seen by comparing this value with bicyclic cycloparaffins. 
Thus, we find: 


cis -Decalin 
CO) 10°. ¥, = 9.2, ie., 2+ 4.6; 
CioHig 


trans —Decalin 
10°- y, = 8.2, ie., 2+ 4.1; 
CigHig 


Bicyclohexyl 


< >< > 108. 10,7, ie., 2-5.35. 
C2Ho9 


These regularities in behavior of y, which is very sensitive to the 
structural changes of an element, lead to the conclusion that X, de- 
pends both on the magnitude of the valence angles and the steric inter- 
action of similar electronclouds of the C-Hbonds. The mutual repulsion 
of neighboring electron clouds of the C-H bonds may result in their 
distortion, which in turn produces Van Vleck paramagnetism. 
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Up to now, we have concentrated on y,, which was shown to be a 
structure-sensitive quantity. However, the Langevin component y, is 
also a very interesting quantity. 

Whereas the x, characterizes mainly the electron clouds coupling 
the atoms of saturated hydrocarbons, the quantity xy, is related to all 
those atomic shells (without exception) which participate in the mole- 
cule. It was seen before (Tables IV and V) that y, is virtually inde- 
pendent of the degree of branching of the molecule, and is thus deter- 
mined almost exclusively by the composition of the molecule. 

This being the case, we are first of all faced with the problem of 
whether xy, obeys the additivity rules. To answer this question, we have 
once again collected in Table VIII the y, values of a series of saturated 
aliphatic and alicyclic hydrocarbons and have calculated the differences 
Ay, between consecutive members of homologous series. 


Table VIII 


© 
S oe » 
¢ c = 
= s s 
a o mn 
Q a a 
= J J 
op) N S 


94.0 | 23.0=2-11.5 


Average: AXa cH, -—11.8+0.5.10° 2-12. 10° 


By comparing the % of methane, ethane and the methylene group, 
we get: y,. =—7,8- 10 °=—8- 10°; Yy;=— 2+ 10°°. Given the approxi- 
mate nature of Kirkwood’s formula, it does not pay to try to establish 
more accurate values for y’, of the various atoms. In any case, using 
these values of y, we obtain a satisfactory agreement with the x, 
values calculated from a. This agreement holds for all saturated 
hydrocarbons. Let us note that these values of y,, and y,,, are very 
close to the atomic increments of Pascal, as presented in his new 
scheme (y, = — 7.4-10°°; y4=— 2° 10°), Does this mean that Pascal’s 
scheme is correct and that our criticism is simply pointless? No, it 
does not. The fact that the numerical values of Pascal’s increments 
4, are close to our purely diamagnetic increments x, for carbon and 
hydrogen in saturated hydrocarbons is simply due to the small value 
of yx, in the majority of these compounds. It is also easy to see the 
substantial and fundamental difference between Pascal’s scheme and 
our results. Pascal attributes an additional diamagnetic increment, 
equal to —0.8- 10°, to the methyl group. Pascal chooses to do this as 
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a matter of simple ‘‘convenience,’’ because he has a choice of ascribing 
either an additional diamagnetism to the methyl group or an additional 
paramagnetism to the methylene group. It is this type of procedure that 
reveals the arbitrariness of Pascal’s scheme. In actual fact, there is 
no ‘‘superdiamagnetism’’ whatsaqever in the methyl group, aS we have 
shown before. 

In fact, it is the methylene group CH, which possesses an additional 
paramagnetism y, =-}0.6-.10 °°; that additional paramagnetism is pres- 
ent in all compounds containing methylene units, that is, in normal 
saturated hydrocarbons and (aS we shall see) also in certain others, 

The numerical value of the total susceptibility of a saturated hydro- 
carbon y, is virtually the same, whether calculated by Pascal’s method 
or by ours; however, the individual quantities have a physical meaning 
only in our calculation, since the increments of Pascal are purely 


arbitrary quantities. : 


Take, for example, n-decane C,H; its y= —119.51-107. 
Then, 
From Pascal’s new scheme: From our method: 
10C; y = -74.0. 107® 10C; y= -80-10~® 
CHl>: - +4.8.107° 
22H; y = -44.0- 1076 Digeexaag® ep ee 
sy=- 1.6-107° SA ee h0°e. 4, 
iS Seaaeieaiaetae 10°) = -124 es 
10°), ~ -119.6 


10°y = -124+ 4.6 = -119.2 


The fact that y, in Saturated aliphatic and alicyclic compounds is 
additive (as mentioned before) may be used in those cases when it is 
necessary to find y, and the polarizability is unknown. Experience 
Shows that such calculations are reliable. However, the values y',. = — 8 
and ,==— 2 cannot be used directly in additive calculations of un- 
saturated hydrocarbons and other compounds: one must first consider 
their properties in detail. We shall return to this problem below. 


4, SATURATED ALCOHOLS AND ETHERS 


A characteristic feature of the so-called saturated monohydroxy 
alcohols is the hydroxyl group OH, linked by a Single bond to the 
hydrocarbon moiety C,H,,,,. In this case, just as in saturated hydro- 
carbons themselves, we encounter molecules with various degrees of 
branching. 

Table IX gives the experimental data and their analyses for normal 
alcohols. 

Figure 19 shows the variation of X, with the number of methylene 
units. 

It is easy to see from the graph that the total paramagnetism of the 
alcohols Consists of the paramagnetism of the methylene chains, plus 
that of the hydroxyl group x, = 1.5—2- 107°. 
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Table IX 


ee ec 


Methanol CH30H 21.4+0.2 
Ethanol CH3CH»OH 5. 33.5740.3 
1-Propanol CH 3(CH»).0H 45.2 
1-Butanol CH 3(CH»)30H : 59, 56.3 


1-Pentanol CH3(CH>) 401 Ov ; 68.0 
1-Hexanol CH 3(CH2)sOH . 79.2 
1-Heptanol CH3(CH»)60H - . 91.7 
1-Octanol CH3(CH»)70H ‘ : 102.7 
1-Dodecanol Cli3(CH»),,OH - . . Soe oo. 148.4 
1-Hlexadecanol Cli3(CH5),s5OH. . n 184.6 (?) 


X, F m7? 
19 of?) 


Ww B&B GH Do DW &© 


= 
aN 


0128 4 5 6 78 9 Wi @ 83 & I 
No, of CHg groups in molecule 


FIG. 19, Variation of ¥p with the number of CH units in 
saturated alcohols, 
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This result is also confirmed by magnetic data for ethylene glycol 

H,C—CH, ae - 
| | , in which y=— 38.8-10 ° yg=—43.7-10 ©, from which y, = 

OH HO 4 7 
4.9-10 °, i.e., Vea 1.85.10 (if we take Xpoy, = 9-6 -10°”). 

Unfortunately, the magnetic properties of branched (for example, 
tertiary) alcohols are not sufficiently well known thus far. Let us men- 
tion, however, that the effect ofthe number of methylene units on y, in a 
series of alcohol isomers of the same over-all composition is approxi- 
mately the same as in saturated hydrocarbons. 

For example; 


tert- Butanol C,H,OH: X= 2.2" 10~° 
n-Butanol C,H OH: Xp = 3.4- 107”. 
tert- Pentanol C;H,,OH: Xp = 1.6 - 10"” 
n-Pentanol C,H,,OH: Xp = 3.6 - 10° 


We can conclude from the slope of the curve of y, vs. the number of 
CH, groups (Fig. 19) that in alcohols, each group CH, unit corre- 
sponds to x, = 0,66 - 10° 

The ethers are closely related to alcohols. Unfortunately, the data 
on their magnetic properties are very insufficient. Table X lists those 
few ethers whose susceptibilities have been measured. 


Table X 


ee 


Methyl ether CH 3— O— CH 3 
Ethyl! ether CH3CH »>—-O—CH 2CH3 .... 


Isopropyl! ether 
(CH 3)>CH—O—CH(CH 3) 
Isopenty] ether 
(CH 3)2CH(CH2)2—O—(CH 9)2CH(CH 3) 


* The calculation method (additive) will be described below. 


The following data of Table X are worth considering: 1) the large x, 
of the methyl ether as compared with that for ethyl ether; and 2) the 
unusual role played by the CH, groups, which in this case reduce the 
total paramagnetism. It may be assumed that this total paramagnetism 
is only slightlv related to the presence of a C-O linkage and that it is 
mainly due to the strong mutual deformation of the positive methyl 
groups: 
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Thus, the methylene groups in this case simply increase the dis- 
tance between the methyl groups, thereby reducing their ability to 
deform each other, This assumption is confirmed by the analogous 
properties of the thioethers: 


CH,—S-CH3 
CH3CH,—-S—CH,CH3 .. 


Let us now turn to the diamagnetic susceptibility component y, of 
alcohols and ethers. In alcohols, just as in alkanes, the difference in 
Ay, between consecutive members of a homologous series is approxi- 
mately —12.- 107°, which corresponds to one CH, unit. On the average, 
for the hydroxyl group, y, 5, =— 9.8: 10°, i.e., ~—10-10°. 

In alcohols, the values for the C and the H atoms are the same as in 
alkanes, namely, 


Vic = — 810° 
and 
iy = 2-107°. 


If the hydrogen in the hydroxyl group retainedits atomic diamagnet- 
ism y,,22—2-10°°, we would get yy, =—8-10°. 

Let us recall that the diamagnetic component of the hydroxyl ion is 
Xyou~ = — 14:10°°. Thus, the analysis of y, of alcohols reveals that 
no OH ion is present in these compounds and that inthis case the 
bond is essentially covalent rather than ionic. 

At the same time, however, we should not forget that alcohol mole- 
cules have a dipole moment and that in a homologous series it remains 
approximately constant and equal to ~ 1.66D. 

It is noteworthy that the moments of CH,OH and CH,;CH,OH are 
identical, i.e., the magnitude of the moment is independent of whether 
a methyl or a methylene unit adjoins the hydroxy]! group. 


5, AMINES 


Amines are alSo compounds with single covalent bonds. In this case, 
we have the bonds C-N and N-H. We have already seen that the N-H 
bonds in NH, and NH; show no appreciable paramagnetism. The 
simplest amine, methylamine H;CNH,, has the following magnetic 
properties: 


== — 27.0- 107%; Xa = — 27.0-10° 


(when a= 4.2.10"), from which y,=0. 
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This shows that the C-N linkage is also virtually devoid of para- 
magnetism. 

However, many other amines do show paramagnetism, as can be 
seen from Table XI. 


Table NI 
Substance a- 1044 -X oq" 10° Xp- 10° 

Butylamine CH3(CH2)3NH2... . 58.9 [90] 3.1 
Diethylamine (CH 3CH2)2NH . .. 56.8 [90] 6.2 

63.5 [91] ‘ 

61.0 [22] 
Triethylamine (CH3CH2)3N.... 81.4 [90] 5.6 
Isobutylamine (CH3)2CHCH 2NH2 59.8 [90] 2.6 

64.2 [91] 4 

61.1 {22} 

59.7 [55] 2:3 
Triheptylamine (CH3(CH )6)3N . 251.3 [90] ~1] 
Diheptylamine (CH3(CH)6)2NH. 171.5 [90] ~10 


Although the measurements of Francois [90] are considered the most 
reliable today, we have, nevertheless, cited the data of other investi- 
gators, which show that the scatter of the data does not allow any 
positive conclusions as far as the numerical values for such com- 
pounds as diethylamine or isobutylamine are concerned. 

On the other hand, we can see that there is a large paramagnetism 
in those amines where the chains are made up of six methylene units. 

On the basis of all the data given above, we are inclined to think 
that the paramagnetism observed in certain amines is due not so much 
to the C-N and N-H linkage as to the alkyl branch structures. It is 
possible that the paramagnetism is produced not by the methylene units 
alone, but also by the mutual deformation of the alkyl chains bound to 
the nitrogen atom. In our view, this problem requires a more thorough 
experimental investigation. 


6, METALATED ALKYL COMPOUNDS 


Lately, great interest has been shown in the elemento-organic * com- 
pounds, the simplest representatives of which, are the metalated alkyl 
compounds. The magnetic properties of some ofthese have been studied 
rather thoroughly by Pascal and his school [22, 92, 91]. These authors 
attempted to determine the susceptibility of the metal atoms in those 
Compounds by means of Pascal’s additive scheme. They proceeded as 


* That is, compounds in which an organic moiety is coupled to an element other than carbon 
(Si, O, Na, P, etc.) The Soviet nomenclature of ‘‘elemento-organic’’ is all encompassing and 
very felicitous and has, therefore, been retained, Trans, Ed, 
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follows: 72), Calculated by Pascal’s scheme, was subtracted from the 
experimentally measured total susceptibility y and the remainder was 
assumed to be the susceptibility of the metal atom Ymet1-€-, Xmet= X% — 
Xalk- 

Thus, having studied the alkyl compounds of Hg, Ge, Sn and Pb, 
these authors came up with the values in Table XII, 

The values of ymo; obtained by extrapolation at n—» 20 were compared 
by Pascal et al. with the susceptibilities of the corresponding pure 
elements, producing the following result: 


Extrapolated | Hg(CpHan-1)2 | GelCyH an v4 | Sn(CpHan—1)4 


6 
Xmer’ 10 33.1 8 29.9 


~x- 10° 
of the pure, 


Hg Ge Sn 
32.5 7.6 


solid element 


From these data, the above authors arrived at the paradoxical con- 
clusion that when n->©o, the metal atom in metalated alkyl compounds 
reaches the same state as when it is a pure solid, that is, as when it 
exists aS pure metal or as a semiconductor. In other words, they con- 
cluded that the atoms Hg, Ge, Sn, or Pb, being separated by infinitely 
long (!) alkyl chains, exist in the same state as when these atoms are 
in direct contact with one another inthe metal or semiconductor crystal. 
This conclusion is all the more paradoxical in view of the fact that 
many metalated alkyl compounds do not show the slightest similarity to 
metallic substances and are transparent to visible light. 

One would think that the closeness of the extrapolated susceptibility 
values at n-»>o to those measured on a pure metal or semiconductor 
would have indicated to these authors that their method of calculation 
concealed some obvious contradiction. Regrettably, they did not notice 
any. We have then reanalyzed [94] the magnetic data for the metalated 
alkyl compounds and our results are shown in Table XII. 

The last column of the table gives the values of the Langevin dia- 
magnetism x, per one metal atom yx, .,. We found this value from the 
relation 


—_—— 
———» 


Xdmet Xd Xdqy° 


whereby X4,), WaS Calculated from the additivity rule, using the experi- 
mental data obtained with saturated hydrocarbons (see Sect. 3). 

It is interesting to compare the values of y,,,.,for a metal atom with 
the Xgat » Calculated from theory using the methods of Slater and Angus 
for isolated atoms, However, in doing this, it should be kept in mind 
that, according to the modern concepts, the configuration of the valence 
state of an atom in a covalent compound frequently differs from the 
normal (ground) state configuration of the same atom when the latter 
is considered as isolated. The following configurations correspond to 
the ground state of the tetravalent atoms Ge, Sn and Ph: 
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Table XIIf 
esol ad aod SE al 
dmet 
He(CH3), 
He(CoH5)o Average 


He(CsH 14)2 


Ge(CH3)4 
Ge(C5Hs),4 
Ge(C3H7)4 
Ge(C 4H), 
Ge(CsHy1)4 


Sn(CH 3)4 
Sn(CoHs)4 
+3H7)4 
Sn(C 4H9)4 
Sn(CsH14)4 
Sn(C7Hi5)4 


Average 


03.0+0.3 


Pb(CH3)4 

Pb(C)Hs)4 P 
verage 

Pb(C3H7)4 81.0+2 


Pb(C4H9)4 


(4s*4p?) (5s? 5p?) (6s 26p2) 


The valence states of the same atoms in the metalated alkyl com- 
pounds under consideration should be as follows: 


Ge on Pb 
(4s 4p3) (5s5p3) (6s6p%) 


For the divalent mercury, one would expect (6s6p), or perhaps even 
(5f6s), Since, as was shown by Eisenstein [156], in a linear covalent 
compound (of the type H,C—Hg—CH,), configuration (5/6s) gives hy- 
bridized bonds which are 1.5 times stronger than those given by con- 
figuration 6s6p. Table XIV shows values of Xz,,-, found from the sus- 
ceptibility of metalated alkyl compounds, as well as the theoretically 
calculated values of x,,, for isolated atoms in various configurations. 

In our discussion of the diamagnetism of alkali and halide ions (Ch. 
III, Sect. 2), we found that the values of y, obtained from Kirkwood’s 
formula lie, in most cases, between the limits constituted by the values 
arrived at from the approximate methods of Slater and of Angus. It is 
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known that the experimental values of the susceptibility y = x, for the 
monoatomic gases Kr and Xe also lie between the limits constituted by 
the theoretical values of Slater and of Angus. Therefore, in all sub- 
sequent calculations of Xga; for atoms and ions, we shall use values 
which are the average of the two theoretical methods. For example, 
if the Slater method gives for the Sn atom in the 5s? 5p? configuration, 
an Xya1=~-59.88°10-°, and the Angus method gives -55.4-10-®, we 
shall take as our theoretically calculated value oe BS 08.8 -10-°= 
~57.64 -10-°.The values of x,,, Shownin Table XIV have been calculated 
in this manner. 


Table XIV 
6 
aXgs -10 


Ground state Valence states 


(4524p?) (4s 4p3) 

ne 34.18 36 23 

(5s25p2) (5s5p%) 
97.64 08.5 


(6s 26p2) (6s6p?) 
71.8 77.51 


(6s 2) (5f6s)  (6s6p) 
85.97 74.07 83.37 


In the case of Ge, y,., lies between the x, ., of the ground and val- 
ence State, while for Sn, the y,,,; of the ground and valence state are 
practically the same. Thus, it is impossible to draw any conclusions 
from these cases. In the case of ,Pb, on the contrary, the x, 4; of the 
valence state is appreciably closer to y,,.; than the x,,, of the ground 
state. For Hg, the x,,, of the valence state (5f6s) is the one which is 
the closest to Xgmet- It is possible that in the case of Sn and Hg there 
takes place a partial transfer of the negative charge from the metal 
atom to the hydrocarbon chains, as a result of which, Xg me; appears 
(Table XIV) to be smaller than the x,., calculated for the neutral atom. 

For the semiconductor Ge, it is also possible to calculate Nitenet 
from the polarizability of the pure crystal («—4.48-10°™). It turns 
out that y4,.4=—37:10°°. Thus, it becomes clear that the diamag- 
netism of the Hg, Ge, Sn and Pb atoms in metalated alkyl compounds 
is close to the diamagnetism of the isolated atoms of these elements 
or atoms link.2d by covalent bonds (as in the case of Ge, for instance). 
Figures 20, 21, 22, 23 show the dependence of y, y, and Xp of these 
metalated alkyl compounds upon the number of CH, groups in the 
alkyl molecule. 
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FIG, 20. Variation of y, XY, and Yp in alkyl- 
mercury compounds with the number of CH, units, 


These graphs allow us to determine, first, the Van Vleck paramag- 
netism in metalated methyl compounds: 


Xp + 108 
He (CH3)> eo, ie (OE a0) 
Ge (CH), ° ° ~ 6 
Sn(CH,), . . . ~13 
Pb(CH,), . . . ~26 


Thus, the paramagnetism per single bond is: 


Bond X,* 10° 
Hg—C ... 5 
Ge—C .. . 1.5 
Sn—C . . . 3.25 
Pb—C ... 6.9 


It is interesting to examine the closeness of the values of x, for 
the case of Hg and Pb. It canbe seen from the graphs that y, increases 
approximately linearly with the number of the methylene units in the 
alkyl chain, but that this increase depends on the nature of the metal 
coupled to the chain. When one CH, unit is added to all the alkyl chains 
of all these metalated compounds, the paramagnetism of each chain 
increases approximately as follows: 


in alkyl-Hg compounds by 2-10". 
in alkyl-Ge compounds by 0.25- 107°, 
in alkyl-Sn compounds by 0.17- 107°, 
in alkyl-Pb compounds by 0.35. 107° 
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-x-10° 
300 


5 10 15 
No. of CH2 groups in molecule 


FIG, 21, Variation of y, ¥, and yp, of alkyllead compounds 
with the number of CHg2 units, 


-4-19° 


0 5 10 
No, of CH9 groups in molecule 


FIG, 22, Variation of Y, X%4 and Xp of 
alkylgermanium compounds with the 
number of CH» units, 


One should not attribute too much meaning to the absolute values of 
this increment Ax, cy,, but the sharp differences between these magni- 
tudes (for example, between the case of Hg and that of Pb) is evidently 
a real fact deserving serious attention. 
from this fact that the nature of the central atom affects not only the 
nature of its bonds with its neighboring carbon atoms (case of metalated 
methyl compounds), but also all the linkages along the entire hydro- 


carbon chain. 


This is because it follows 
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FIG, 23, Variation of y, X, and Yp of alkyltin compounds on the 
number of CH9 units, 


7. HALOGENATED SATURATED HYDROCARBONS 


We shall now discuss the alkane derivatives obtained by replacing 
hydrogens with halide atoms. Table XV gives ananalysis of the experi- 
mental data available in the literature. Considering the last column, 
which lists the values of x, per one C-Cl bond, we note that they in- 
crease with the number of Cl atoms in the molecule. It is natural to 
associate this fact with the experimentally found fact that the polarity 
of the C-Cl linkage decreases at higher numbers of Cl atoms in the 
molecule. The CH,;Cl molecule has a dipole moment of 1.86 D, while 
the CHCl, molecule has a dipole moment of only 1.59 D. 


Table XV 


10° per 
Cc] bond 


Methy] chloride CH3Cl 
Methylene chloride CH2Cl2... 
Chloroform CHC]3 

Carbon Tetrachloride CCl4... 


Methyl bromide CH3Br 
Bromoform CHBr3 
Carbon Tetrabromide CBry4 ... 


Methyl lodide CH3I 
Methylene Iodide CHalo 
Iodoform CHI3 
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If the dipole moment of every C-Cl bond in the CHCl; molecule 
were the same as in CH,;Cl, then the moment of CHCl,, resulting from 
the vectorial additivity of the electric dipole moments, would be equal 
to the moment of CH,Cl. 

From the value of the resultant moment of CHCl, it follows that 
the moments of the individual C-Cl bonds are smaller than those in 
CH,Cl, i.e., upon the replacement of additional hydrogens, all the C-Cl 
linkages become less polar. It can thus be said that CHCI, contains 
a significant proportion of homopolar states as compared with CH, Cl. 
Comparing the data for the C-Cl distances, the dipole moments and 
the x,, it is readily seen that the y, is the quantity which is the most 
sensitive to the change in the polarity of the C-Cl bond. 


050 1.00 
g 


FIG, 24, Variation of X%yc_c, with the 
effective charge qg of the atoms in the 
C-Cl bond, 


A completely analogous picture is observed in the Br and |com- 
pounds, 

Figure 24 shows the variation of the paramagnetism of one Xa. _,, 
bond with the effective charge on the atoms. The effective charge is 
calculated from the data on the dipole moments of the bonds p._,,, 
assuming the effective charge g= aoa , where dc_c: is the 

C-—Cl 
length of the C-Cl bond and e is the charge on the electron. It is 
assumed that the dipole moments of the molecules are the result of 
the vector addition of individual »._.,. 

In plotting the curve we reasoned that the effective charge on Cl7™ 
will be equal to e in the case of a purely ionic bond, in which case 
Xpc_c, Should be equal to zero. Thus, the point on the curve corre- 
sponding to q = listhe result of the simplest theoretical consideraions, 

It is interesting that the extrapolated curve intersects the ordinate 


(g=0) near Yon 6r 210, which corresponds to CCl,. Thus, 
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obviously, the bonds in CCl, are not polar, The corresponding nu- 
merical values are compared in Table XVI. 


Table XVI 


The sensitivity of y, to the nature of the C-Cl linkage can also be 
observed in other halo-substituted saturated hydrocarbons. 

In chlorinated ethanes (see Table XVII), each carbon atom almost 
repeats the properties which we have noticed in chlorinated methanes. 
Thus, in 1,2-dichloroethane Xroo_c, equals 2, as in methyl chloride, 
since each carbon of CH,CI—CH,Cl is again associated with a single 
Cl atom. Furthermore, in 1,1-dichloroethane one carbon is associated 
with two Cl atoms, approximately as in the case of methylene chloride, 
and Xp._,, increases in this case to 3. 

In 1,1,2,2-tetrachloroethane, each carbon is again associated with 
two chlorine atoms and Week becomes 2,9, This slight drop in Y%p,_,, 
a! possibly be due to some error in the experimental determination 
of x. 


Table X VII 
Substance 


1,2-Dichloroethane CHyCI—CH)Cl.... 
1,1-Dichloroethane CH3—CHCl4 


1,1,2,2-Tetrachloroethane CHC],—CHC1> 
Pentachloroethane CyHCls 
Hexachloroe thane C5Cl¢ 


In pentachloroethane, there are two.Cl atoms at one of the carbons, 
eae Cl atoms at the second one, and the average becomes Xoe_ et a2" 
10. 

In the presence of three Cl atoms for each carbon as in hexa- 
chloroethane, yYp-_,, rises to 3.7. This rise in the paramagnetism of 
the C-Cl bonds with increased halosubstitution on the carbon confirms 
the decreased polarity of the resulting C-Cl bonds. 

Finally, let us consider the question as to what causes this large 
paramagnetism in the covalent single bonds C—Cl, C—Br, C—I, which 
“we have observed in all halomethanes with three to four halogens 
(CHC1;,;, CHBr,, CHI,). This is a natural question, since, for example, 
the C-H and C-C bonds do not show such a trend. Pascal was the first 
to try to explain this very large paramagnetism by assuming the effect 
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of steric factors, that is, the mutual distortion of the relatively large 
Cl and Br atoms. 

This explanation seems very plausible to us. We should not forget 
that the Cl atom, for instance, has five 3p valence electrons, of which 
only one unpaired 3p electron enters into covalent single bonds with 
the C atom. The remaining two pairs of unshared 3p electrons remain 
at the Cl atom. 

These electron clouds of the Cl atom are quite readily deformed, 
The situation is the same in other halides, except for the fact that in 
the case of F, we deal with 2p, in Br, with 4p, and in I, with 5p elec- 
trons, All these halide atoms retain two pairs of unshared valence 
electrons after forming covalent single bonds. 

The mutual repulsion of the electron shells of the halide atoms 
appears to be responsible for the following two effects. 

First, it is this repulsion effect which is responsible for the fact 
that as the number of halogens on a carbon increases, the most stable 
bonds are those which are the least polar. Second, the mutual repul- 
sion distorts the electron shells of vicinal halogens (Fig. 25). 

It is probable that the distortion of the electron clouds, associated 
with the decrease in the polarity of the bonds, manifests itself in the 
increased Van Vleck paramagnetism of these compounds. 


FIG, 25, Steric factor in chloromethane 
molecules (the dotted lines indicate the un~ 
shared elecaron clouds of the Cl atoms), 
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8, ATOMIC CRYSTALS 


A large number of substances exist whose crystals are com- 
posed of atoms linked by covalent single bonds. Most of these crystals 
have semiconducting properties. This means that as the temperature 
rises, the covalent bonds are gradually broken and metallic bonds are 
created. The formation of the metallic bonds may also be caused by 
relatively small admixtures of foreign atoms. Thus, these substances 
are intermediate between the purely covalent molecules, considered 
in the preceding sections, and metals. 

We shall completely avoid a discussion of the metallic bond, whose 
magnetic properties are produced by electron spins resulting in para- 
magnetism. Therefore, we shall confine ourselves to a study of the 
purest covalent atomic crystals containing a single bond, and ex- 
amine them at the lowest possible temperatures, At these lowest 
temperatures it is apparently possible to neglect the effect of the con- 
duction electrons on the magnetic properties, provided one deals with 
very pure covalent atomic crystals with single bonds, We once attempted 
[115] to apply Kirkwood’s formula to these substances in order to cal- 
culate y, and, on comparing these values with y, noted a very high Van 
Vleck paramagnetism, The presence of such paramagnetism had al- 
ready been previously suspected by Krumhansl] and Brooks [117], who 
were first to point out that the difference (E{ — £}’) in the denominator 
of the Van Vleck formula shouldcorrespond inthis case to approximately 
the semiconductor forbidden bandwidth AE. 

A comparison of the values of 7,, which we calculated from «a by 
means of formula [3], with tue values of Z¢ x-ray recently obtained by 
N. N. Sirota and co-workers from electron density maps plotted from 
x-ray data (128, 129, 130, 141], shows distinctly that our data for y, 
are much too high (see Table XVIID. 

The reason for this phenomenon lies in the polarizability character- 
istics of this type of solid. The polarizability of an isolated atom or 
molecule is determined by the virtual transitions to excited local 
levels. However, in semiconducting crystals, the virtual transitions 
into the conduction band should also play a certain part in the polar- 
izability, i.e., Kirkwood’s equation (3) cannot be applied in this case 
without certain important restrictions. But the wider the forbidden 
gap AE, the less appreciable should be the part played by the transi- 
tions into the conduction band. 

The validity of this observation can be appreciated by comparing 
similar substances (Table XVII). 

Table XVIII shows, in addition tothevaluesof xy, obtained by various 
methods, the values of Y4x-ray obtained from x-ray data [129], as well 
aS X%p=YXa-Xax-raye Comparison of the last two columns of the table shows 
that, in conformity with the hypotheses of Krumhans] and Brooks [117], 
x, increases together with 1/AE in most cases, 

The Van Vleck paramagnetism in semiconductors is found to be of 
the same order as the paramagnetism of the conduction electrons, 
This fact is often not fully appreciated. For instance, it is known that 
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Table XVIII 


C(diamond) 7.2([130] 0.35[130] 
Si 17.8[130}] 15.1[130] 
Ge 30.8[130] 23.8[130] 
Sn-a 38[130] 26.8[130)} 
GaP _ 

GaAs 51.2{131] 

GaSb 65.9[131] 

InP a 

InAs 71.9[131] 

InSb 80.1[131} 

ZnS 

Se 


Ge becomes paramagnetic upon melting [119]: its total susceptibility 
shows a paramagnetic increase of Ay=22. 10°°, Since the melting of 
germanium causes a substantial decrease in its AF,it is not impossible 
that a sudden increase in y, is also involved in this jump in suscep- 
tibility. For this reason, it is not at all safe to attribute, a priori, the 
observed sharp increase in Susceptibility to an increase in the spin 
paramagnetism of the conduction electrons, as was done, for example, 
by Busch, Stocker, and Vogt [118]. 

The above-discussed problems of diamagnetism and paramagnetism 
of pure semiconductors point out the complex combination of various 
factors involved in substances of this relatively simple type, let alone 
in semiconductors containing foreign atom impurities. The uncertainty 
in the treatment of the magnetic properties of semiconductors will 
apparently be eliminated only when it will become possible, by direct 
experimentation, to separate the spin paramagnetism of the conduction 
electrons, excitons and individual atoms from the total susceptibility. 
So long as no such experiments are available, we consider it premature 
to devise hypotheses concerning these problems. 


9, GENERAL CONCLUSIONS 


The study of the covalent single bonds brings us to the conclusion 
that, as a rule, the single bond either has a negligible paramagnetism 
or has none at all. This slight paramagnetism varies from one type of 
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compound to another. For instance, in alkanes, it is about 0.6- 107% 
per one methylene unit, in alcohols, about 0.66-10 °, and in metalated 
alkyl compounds it varies from 0,17- 10-° to 2-107", This shows that 
the paramagnetism of the CH, unit is not an ‘‘intrinsic’’ property of a 
given bond or group of atoms, but that it is due to certain character- 
istics which are a function of the vicinal atoms or of the structure of 
the molecule as a whole. Wehavenamedthis paramagnetism ‘‘induced’’ 
(Ch. Ili, Sect. 1), i.e., caused by the surroundings. 

The paramagnetism observed in the single bonds may also vary 
because of differences in the hybridization of the atoms which form 
a given bond, depending on the conditions of the surroundings. One 
would expect that a more extensive study of this very sensitive para- 
magnetism of single bonds will, in certain cases, reveal some in- 
formation on the hybridization of atoms. 

The cases we have Selected also indicate that the paramagnetism 
of the single bond depends on the polarity of the given bond. Thus, we 
find that the study of the magnetic susceptibility of single bonds can 
supplement (and sometimes probably replace) the study of dipole 
moments, The examples described lead to the conclusion that the x, 
is a very Sensitive quantity in these cases. 

Studies of the Langevin susceptibility component of covalent single 
bonds show that in many cases y, follows the additivity rule. This 
conclusion cannot, however, be considered as holding for all cases; 
thus, the practical application of the additivity rule calls for a great 
deal of caution. 

Among the single-bond molecules studied, two display anomalies 
which we do not yet understand. These are the H,O and NH, mole- 
cules. Their Langegin diamagnetism is higher than would be expected 
from the polarizability and other data. This is coupled with the fact 
that the experimental data pertaining to the properties of these mole- 
cules, especially to H,O, seem to be quite reliable. In addition, it is 
a confirmed fact that both of these compounds have comparatively 
simple structures and that both display hydrogen bridging in the 
liquid and also partly in the crystalline form. We, therefore, submit 
that it is precisely these molecules which are important, and that 
the elucidation of the nature of their diamagnetic anomaly is of es- 
sential importance for the study of the properties of the hydrogen bond 
in general. | 


Chapter V 


MAGNETIC PROPERTIES AND STRUCTURE OF MULTIPLE 
COVALENT BONDS 


1, BASIC PROPERTIES OF MULTIPLE BONDS 


Multiple bonds are those involving the participation of either two 
(double bond) or three pairs of electrons (triple bond), In the double 
bond, the first pair of electrons forms the c-bond, which we have al- 
ready considered, whereas the second pair forms the x-bond, Thus, 
the double bond may be referred to as the ox-bond. In the triple bond, 
the first pair of electrons also forms a o-bond, while the second and 
third pairs of electrons form two x-bonds. Thus, the triple bond may 
be designated as the ox?-bond. 

Both the double and the triple bonds can obviously be divided into 
two groups, 

1, The double and triple bonds between identical atoms: A=A and 
A=A (homoatomic bonds). 

2. The double and triple bonds between unlike atoms: A=B and 
A=B (heteroatomic bonds), 

The essential difference between these two groups is the presence 
of a certain admixture of ionic states, i.e., the polarity of the bond. 
While the first group should not, in principle, possess any electric 
moment, the second, because of the difference of A and B, must be 
polar, Furthermore, it should be noted that, in the real cases, the 
homoatomic bonds A=A and A=A can also be more or less polar, de- 
pending on what atomic groups are located on the two sides of these 
bonds. 

The fundamental and most important property of the double bonds, 
insofar as this discussion is concerned, is the type of symmetry they 
possess, Since the onx-bond and the onx?-bond both contain s bonds 
whose symmetry we have already discussec we should start here by 
considering the x- and x?-bonds. Let us first discuss the homc 1tomic 
«-bond A=A, The main feature of the x-bond is that it is formed by 
two nonhybridized, predominantly p-orbitals. The fundamental condition 
for the formation of a x-bond is that the axes of the p-orbital ‘‘dumb- 
bells’’ be parallel. The first electron pair starts by forming the 
initial ¢-bond; thus, its function is to fix the axis of symmetry of A-A, 
The interation energy between the p-dumbbells is minimum when their 
axes are perpendicular (Fig. 26), and is maximum when they are 
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FIG, 26, The s3x-bond, FIG, 27, The A=A bond, 


parallel (Fig. 27). As can be seen from Fig. 28, the sox-bond thus 
formed has three planes of symmetry and no axial symmetry. This 
of course should cause the Van Vleck paramagnetism of the A>A 
bond to be always different from zero, regardless of the conditions. 
The electron charge density of the cloud is symmetrically distributed 
between the ends, and is greatest in the vicinity of each atom and in 
the narrow bridge between the two large regions. 

If a oxn-bond is formed between two unlike atoms A and B (hetero- 
atomic bond), this means that the charge density of the r-electron 
Cloud is distributed unsymmetrically. One end of thecloud, surrounding 
the electronegative atom, acquires a greater charge density than the 
other end, which surrounds the electropositive atom (Fig. 29). The 
density in the bridge obviously also decreases substantially in this 
case, The stronger the polarity of this bond, the greater the role 
played by the more or less symmetrical region around the electro- 
negative atom. We can, therefore, expect a priori that the greater the 


FIG, 28, Structure of the on —bond, 
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FIG, 29, Structure of the sx-bond A=—B. The 
G=bond cloud has been left out for the sake of 
clarity, 


polarity of a given x-bond, the weaker its Van Vleck paramagnetism 
(other conditions being equal). These are the basic characteristics of 
the magnetism of the oz-bond. 

The triple ox? -bond is formed from acz-bond by addition of a second 
pair of p-electrons. The requirement is that the axes of the second 
pair of p-dumbbells be parallel to each other but perpendicular to the 
axes of the first pair (Fig. 30). Thus, the on*-bond contains four r- 
clouds, forming a system with axial symmetry. 

Consequently, the ozx*-bond is considerably more symmetrical than 
the cx -bond, and the triple oz?-bond should, therefore, possess a smaller 
xX, than the double, i.e., the o-~-bond (other conditions being equal). It 
is easy to see that the appearance of polarity in the heteroatomic triple 
bond does not interfere with its axial symmetry, but leads to a condi- 
tion where the relatively symmetrical regions of the s-clouds 


Axis of 
symmetry 


FIG, 30, Structure of the ox2jbond A=A. 
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Surrounding the electronegative atom begin to play a dominant role. 
Thus, even in the case of the on*-bond, a higher polarity should lead 
to a decrease in y,. 

So much for the general characteristics of multiple bonds. We 
Shall now discuss individual types of double and triple bonds. 


2, THE C=C AND C=C BONDS 


The double bond C=C, frequently called the ethylene bond, has a 
number of characteristics which are reflected in the magnetic proper- 
ties of the molecule. Whereas the C—C o-bond involves the participa- 
tion of tetrahedral, hybridized spsorbitals of C atoms, the ethylene C=C 
ot -bond involves C atoms having sp? hybridization. The C=C bond 
actually consists of one o-bond involving one sp? orbital, and of a r- 
bond involving participation of one nonhybridized 2p orbital from each 
of the C atoms, lt should be emphasized, therefore, that the carbons in 
the C—C and the C=C bonds are thus in themselves somewhat ‘‘dis- 
Similar.’’ In the case of the C=C bond, the electron clouds of the four 
electrons are distributed in the space between the atoms. Thus, their 
mutual electrostatic repulsion should cauSe a certain increase in size 
of the =-electron clouds as compared to the size of the o-bonds. This 
means that the diamagnetic Langevin component , of the C=C bond, 
which is proportional to r? should be somewhat larger than in theC—C 
bond. 

AS we mentioned in Sect, 1, the oxz-bond has a lower symmetry 
than the s-bond and this should, of course, cauSe an increaSe in the 
Van Vleck component x,. 

So much for the purely qualitative concepts arising from a com- 
parison of the C—C and the C=C bonds. Before turning to the large 
group of substances containing ethylene bonds, we should first con- 
sider the simplest of these molecules, that is, the planar ethylene 
molecule: 


The experimental data on ethylene are very contradictory. 

According to Bitter’s measurements [84], the susceptibility of 
ethylene is —12.2-10°, while Vaidyanathan [95] reports — 15.3. 10-5 
and the latest data [121] give —18.8 +U.8. Since we have no basis for 
preferring one figure to another, we have tried to determine the sus- 
ceptibility of ethylene by extrapolation of the measured susceptibilities 
of two homologous series, the methyl-substituted and chloro- substituted 
compounds of ethylene.* lt should be particularly emphasized that the 
measurements in these substances were carried out on liquids for 


*See Appendix. 
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which the measuring technique, in contrast to gases, has been perfected 
to very high degree; thus, the susceptibility values obtained on these 
liquids can be considered much more reliable than the susceptibility 
measurements in gaseous ethylene. 

The experiments of Vaidyanathan [96], Yanus and Shur [97], and 
Reber and Boeker [98], have shown rather convincingly that the molar 
susceptibility of diamagnetic molecules does not change upon the tran- 
sition from the liquid to the gas states. Even though one could expect 
changes of susceptibility because of the stronger van der Waals forces 
in liquids than in gases, it was shown by theoretical calculations that 
such changes are practically nonexistent, Hence, our method of deter- 
mination of susceptibility of ethylene (by the extrapolation of the sus- 
ceptibilities of homologous series of liquids) may be considered quite 
reliable. We thus obtained for C,H, 


y = — 20.5+1-107°. 


Keeping in mind that a= 4.27-10 “, and’ =16, we obtain y, =—25.7 ° 10°° 
from Eq. (3) of Chapter II, Section 2, where y,=+5.2° 10°°. It appears 
that this significant Van Vleck paramagnetism is characteristic of the 
double bond C=C in C,H,. 

It is known that the lengths of the C-H linkages in the ethylene mole- 
cule are almost the same as in alkanes. It is, theref re, natural to 
assume that the paramagnetism of the molecule may be represented 
as the sum of the paramagnetisms of the two methylene groups, plus 
that of the C=C bond itself, i.e., 


XooH, 7 Xpcuc’ 


Remembering that %»,, =0.6-10°,weget x. .=4: 10°° in ethylene. 

However, it also turns out that the diamagnetic susceptibility com- 
ponent of ethylene, y,, is greater than would be expected if the C and 
H atoms in ethylene had the same diamagnetism as in alkanes Xa. = 
-8-10°% Xa, =— 2° 10°). Substituting these values we should obtain 
X¢g= — 24-1076 for the Langevin susceptibility component of ethylene, 
while actually y, = — 25.7- 1076. Since the C—H bonds are the same here 
as in alkanes, the excess diamagnetism should evidently be attributed 
to the double bond C=C, i.e., 8x4, = —1.7-10°. 

In this case, we are again struck by the fact that the magr.3to- 
chemical method for study of magnetic compounds has -hysical meaning, 
whereas the empirical, formal scheme of Pascal and his school, which 
assumes that the carbon atoms possess an unchanging diamagnetic 
increment, independent of the type of the C—C bond or its hybridization, 
lacks such physical signigicance. 

Thus, the ox-bond C=C is characterized by ty,—=—1.7-10°, which 
indicates some enlargement of the x-electron clouds of the C=C 
bond (as compared to the c-bond), as would have been expected from 
even a general examination of the structure of the ox-bond, On the 
other hand, the ethylene bond is characterized by an appreciable y,, 
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which is apparently due to the relatively low symmetry of the x-bond 
(as compared with the >s-bond), 

It would be interesting to determine the manner in which the x-bond 
varies in the series of ethylenic hydrocarbons (Table I). 

In considering first ethylene and the methyl-substituted ethylene 
derivatives, that is, propene, 2- trans -butene, trimethylethylene and 
tetramethylethylene, we observe that as more and more H atoms are 
replaced by CH, groups, y, increases from 5.2 to 8.3-10°°, This 
gradual increase in y, is due primarily to phenomena associated with 
a gradual shift of the absorption band toward longer wavelengths. 

: Indeed, if we designate the ground-state energy of the molecule by 
E,’, and the energy of the nearest excited state by F, then the position 
of the absorption band is given by E))— &”. This quantity is important 
in the expression 


2N QO N(R] etl) 2N 
==) CA] M21h)P ll ez DP, 


to Me a = 3AB 


where AE is the average value of E(”.— EQ. 

Considering first ethylene and its methyl derivatives, we note that 
2~ trans -butane has a higher y, than isobutene, This must mean that 
the isolated C—H bonds in alkanes possess an intrinsic paramagnetism. 
If the effect of the CH, group in isobutene is accounted for, then the 
C=C bond will havea YX,,_,=5- 107°. Assuming that the paramagnetism 
of the C=C bond remains the same in 2- trans -butene, we must conclude 
that each isolated C~H bond of this molecule contributes a paramag- 
netism of the order of ~0.7-10 °. Let us now calculate %>_.for 
all the molecules of Table I, assuming that X,,,, =0.6-107° and 
Xcu= 0.7- 107°, We thus obtain the values listed in Table II. 

Thus, returning to the methyl-substituted derivatives of ethylene, 
we note that as the number of methyl groups increases, Xp,,_. rises 
from 4,0 in ethylene to 8.3 in tetramethylethylene. Let us attempt to 
explain this gradual increase in Xpcp_. by the phenomena associated 
with actually occurring gradual shift of the absorption band toward 
the red region of the spectrum, that is, by the decrease in AE. 

Table III compares AE (in ev) [63] with %»,_.. If the numerator 
in the approximate expression for“’~.:, in the series of molecules 
under consideration remains unchanged, then *»,_.- AE should remain 
approximately constant. However, as can be seen from the last column 
of the table, the product %»,_.-4E increases slowly with the number 
of the methyl groups. This effect is probably due to the donor prop- 
erties of the CH, group, which ‘‘injects’’ electrons into the ethylene 
bonds. 

This last assumption is to a certain extent confirmed by the fact 
that, as we can see from Table II, the last six compounds show a 
considerably larger %p._. than n-hexenc or n-octane. In all of these 
six molecules, one methyl group is located in the immediate vicinity 
of the C=C bond. 
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Table | 


Hydrocarbons with an Ethylene-Type Bond 


; 6 
Name and structural formula 
4,27 20.5 25.5 5.0 


ethylene 


Prisca 
mo 


Propene 6.1 31.5 37.6 6.1 
HO ye 
C=C 
we ™s 
H3C H 
2-trans-Butene 8.0 43.3 49.8 6.5 
H3C EH 
See. 
H Cis 
2-Methylpropene (isobutene) 8.2 44,4 50.1 5.7 
H3C_ H 


“ 
“Hy 


— 
— 


H3C7 
3-Methyl-2-butene 9.8 54.5 61.5 7.0 


H2C)5C—H 
(H3C)2 ee 
“— » ears “yy 


1,1,2-Trimethylethylene 10 54.7 62.2 7.5 


1,1,2,2-Tetramethylethylene 11.83 65.9 74.2 8.3 


HaG CH 
> 
H3C CH 


n-Hexene 11.75 65.7 toot 8.0 
CII 3(CH2)3CH=CH, 
n-Octene 15.5 89.5 98.0 8.5 
CH3(CH2)sCH=CH) 
2.5-Dimethyl-4-heptene 17.3 100.5 110 9.5 
CH3 CH 3 
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Table 1 (continued) 


Name and structural formula 


2-Methy1-2-octene 100.0 110.0 
CH3 


H3C—-C=CH-(Cila)4- CH 
2, + Dimethyl-4-octene 19.2 111.9 121.5 9.6 
ae Ci; 
| 


It3C—CH—CH 9— CG =(CH 9)3—CH 3 
o-Methyl-5-nonene 19.3 111.6 122.0 10.4 
Cll 3 


| 
H3C(CH 9)3C = (CH 9)3CH 3 
2.4.6-Trimethy!-3-heptene 19.2 112.6 122.0 9.4 
CH3 CH, my 
| | 


| 
H3C— CH—CH=C—CH»~-CH—CH3 
2.-4.7-Trimethyl---octene ~20.4 123.0 ~132.0 ~9.0 
CH3 CH3 CHI 


| 
l3C—CH—CH4—C—(CH)CHCH3 


Table tl 


Ethylene n-Octene 

Propene 2,5-Dimethyl-2-heptene. . . 
2-trans-Butene 
2-Methylpropene 
3-Methyl-2-butene.... 
1,1,2-Trimethylethylene 
Tetramethylethylene . . 2,4,6-Trimethy|-3-heptene. 


2-Methyl-2-octene 
2.4-Dimethyl-4-octene . . 
o-Methyl-5-nonene 


2,4,7-Trimethyl-4-octene. . 
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On the other hand a rise in y,._, can also occasionally be observed 
in compounds devoid of methyl groups, as for example, in the case of 
alicyclic compounds. Thus, comparing cyclohexane with cyclohexene 
or cyclooctane with cyclooctene, we find that x, in these compounds 
is 6.3—6.6-107° = 

One problem of great interest is that involving the combination of 
several ethylene bonds in one molecule, and of interactions thus cre- 
ated. 

Diallyl 

H,C=C—CH,—CH,—CH=CH, 


is an example of a molecule where the C=C bonds are so far from each 
other that conjugation becomes impossible. 
In diallyl, y, =5.6-107°, On the other hand, in 1,3-butadiene 
C=C 
H,C=CH—CH=CH, 


the alteration of the double and single bonds should produce conjugation. 


This phenomenon is manifested by a large increase in Xp. .» an in- 
crease equal to 7.4. 107°, ais 
Some increase in %,. .» aS Compared with diallyl, is observed in 
C=C 


such compounds as 


2-methyl-1,3-butadiene Xp.__ = 8-45 + 10%, 
2,4~dimethyl-2,4-hexadiene > =6.5 - 107% 
2,3-dimethyl-1,3-butadiene » =6.35-10°% 


However, theSe three molecules probably involve some effect of the 
proximity of the CH, groups, which, as we have seen, also cause an 
increase in se ; 

The cumulative C=C bonds should lead to increased symmetry of 
the system since, in conformance with the requirements of quantum 
mechanics, the axes of the n-dumbbell should be mutually perpendic- 
ular in this case (Fig. 31), 


FIG, 31, Structure of the cumulative C=C bonds, 
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The best example of a molecule with two cumulative C=C bonds 
is allene, which has only recently been experimentally studied [121]: 


H,C—=C=CH,. 


In this case, Xp. = 4.45-10°°, i.e., it is considerably lower than in 
diallyl, for example, 

A similar drop, (although slight in comparison with diallyl), is 
shown by 


2,3- Pentadiene Xp. == 5.25 + 107%, 
C=C 

2,3-Hexadiene Xp. .=5.3 +10, 
C=C 

1,2-Octadiene X,. = 5.0 «107°. 
C=C 


However, the recently studied 1,2-butadiene (121): 
H,C—CH=C=CH, 


gave jy, 
diallyl, °=° 

Besides, if we consider that, according to [121], the error in the 
measurement of susceptibility y, for 1,2~butadiene is equal to + 0.8- 107°, 
it is possible that the y, for this compound is really somewhat lower. 

We have already seen that the C=C bond in ethylene possesses 
not only an excess paramagnetism, but also an excess diamagnetism 
dy,. Let us now consider how this quantity changes in other compounds 
containing C—C bonds. To detect this effect, we shall compare the value 
of y,, calculated from polarizability, with the y, calculated by the addi- 
tive scheme (Ch. IV, Sect. 3) for saturated hydrocarbons, assuming 


=~5.6-10 °+0.8, i.e., a value virtually equal to the oa of 


Xac = — 8 - 10°; Xay = — 2: 10°. 


Table IV gives the values of 
X= Xa, Xa," 


2 


where ¥, has been calculated from a, and where X,, has been calcu- 
lated additively. Henceforth, this excess diamagnetism shall be called 
the exaltation diamagnetism. From the data of Table IV we can con- 
clude that: 

1, The presence of C=C is always associated with exaltation dia- 
magnetism; 

2. The exaltation diamagnetism, which is equal to 1.7 in ethylene, 
increases to ~ 2in the presence of vicinal methyl groups; 

3. The conjugation and particularly, the cumulation of C=C bonds 
in alkadienes raises the exaltation diamagnetism to 2.69— 2.9 (per bond); 

4. In cycloalkenes and cycloalkadienes, the exaltation diamagnetism 
of nonconjugated C=C bonds is ~ 1.4; the presence of conjugation in- 
creases the exaltation diamagnetism to 1.75. 
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It may turn out that the exaltation diamagnetism presents no special 
interest since its increase in the presence of conjugated bonds is 
closely related to the exaltation, which has long been a known factor in 
molecular refraction (and polarizability). 


‘ 


Substance 


CoH 3(CH 3) 

C5H (CH 3) 2 

CH(CH3)3 

Co(CH3)4 
2-Methy]-2-octene 
2,4,6-Trimethylheptene. . . 
o-Methyl-5-nonene 

Dially] 
2-Methyl-1,3-butadiene. . . 
2,3-Dimethyl-1,3-butadiene 
1,3-Butadiene 
2,3-Pentadiene 
1,2-Octadiene 


Cyclohexene 
1,4-Cyclohexadiene 
1 ,3-Cyclohexadiene 


Cyclooctatetraene 


~5y ,-10° of 
the molecule 


Table IV 


one C=C bond 

one C=C bond next to one methyl! group 
one C=C bond next to two methyl! groups 
one C=C bond next to three methyl groups 
one C=C bond next to four methyl groups 
one C=C bond next to one methyl group 
Same 

Same 

two nonconjugated C=C bonds 

two conjugated C=C bonds 

Same 

Same 

two cumulative C=C bonds 

Same 


tivo nonconjugated C:=C bonds 
two conjugated C=C bonds 
four conjugated C=C bonds 


However, we should emphasize that the Langevin susceptibility com- 


ponent x, reflects directly the size of the electron clouds. 

Thus, the exaltation diamagnetism is much more readily interpreted 
from the physical point of view than the refraction exaltation, since it 
directly reflects the configuration of the electron clouds of a multiple 
bond. Thus, the study of exaltation diamagnetism supplements that of 
the Van Vleck paramagnetism, 

Let us now turn to the acetylene C=C bond. Unfortunately, very 
little attention has so far been given to the magnetic properties of 
acetylenic compounds. The susceptibility of acetylene, HC=:CH, was 


first measured by Bitter [84], who obtained y= —12.5-10°°. However, 
these data are extremely suspect. The latest measurements [121] 
give y= — 20.8+0,8. Theoretical calculations by Tillieu [5] produce 


the figures —1!18.32—21.50. Inasmuch as there areno data on the majority 
of the acetylene derivatives, we cannot find the true susceptibility 
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value for C,H, by extrapolation. On the basis of the data of [121] we 
get %»,_. ~1- 107% 

Hydrocarbons containing a triple bond have only recently been 
studied in detail [99]. 

Analysis of the data of [99] by our method is given in Table V. 


Chemical name oa : : 
and structural formula -Xq° 10 
64.5 70.1 


l-Hexyne 


HC=C(CHy)3CI13 


Table V 


1-Heptyne 


HC2C(CHy)4CH3 


1-Octyne 
HC =C(CH»)sCH3 


1-Nonyne 
HC =C(CH»)6CH3 


Taking into account the paramagnetism of the methine and methylene 
groups, for the ie of theC=Cbond, we get 


1-Hexyne 3.1 
1-Heptyne 3.1 
1-Octyne 3.0 
1-Nonyne 2. | 


average 3,1 


The acetylene bond also shows exaltation diamagnetism whereby 


8; = —2.3—~—2.7-10°. 
hdouc 
Just as in the case of the ethylene bond, the proximity of a methyl group 
increases both Xpceuc and Zac. 
Comparison of the data for C=C and C=C bonds reveals a number of 
interesting properties: 


C==G C=C 
ae Xp = 1~3-10° 
"C=C C=C 
ry =—-—1.7-10° 8 2-932 10°" 
hdooc Kdoac 
In the vicinity of methyl groups: in the vicinity of the methyl groups: 
| 
| ~~ i —-6 ~ 5 ; —§ { 
Xpo_o =! 10 | | Aisin 4 10 | 
| 
___ 9, 1976 | | : Ss OPO. | 
: Lao = —2:10 . ! Bt: 2 10 ! 
| 
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Summarizing, we can say that, on the basis of the data available so far 


Xp < Men 


Po=c 


| dcec | > | PXde_e |: 


C 


First, this conclusion confirms our hypotheses which assumed that 
the electron clouds of the C=C bond have a higher symmetry (axial 
symmetry) than the electron clouds of the C=C bond. Second, it shows 
that the concentration of three electron pairs in the C=C bond leads, 
as should have been expected, to a greater ‘‘expansion’’ of the electron 
clouds than when two electron pairs are present in the C=C bond. 

In conclusion, let us consider some halo-substituted derivatives of 
ethylene (see Table VI). 


Table VI 


Analysis of the data of Table VI shows some interesting structural 
features of the C=C bond in chloroethylenes. It would be natural to 
assume that the paramagnetism of the C—Cl bonds would increase with 
the number of C) cubstituents, in about the Same manner as in chloro- 
ethanes and chloromethanes, If that is the case, it follows from the 
table that the paramagnetism of the C=C bond decreases, 

Apparently, this gradual decrease in the paramagnetism of the C=C 
bond in chloroethylenes is a real phenomenon and is caused by the fact 
that the electronegative chlorines deplete the 7-electrons around the 
C=C bond, so that the ethylene bond loses some of its individuality. 


Te. 
3, THE C=O, C& , Cc AND OTHER SIMILAR BONDS 
Nou NH 


We shall now discuss the magnetic properties of the C=O bond, both 


O O 
when isolated and when present in groups such as cH ; “4 : 
OH NH, 
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O 
c€ etc, The carbonyl linkage C=O is ofthe A=B type. A bond of this 


kind should incorporate all the basic characteristics of the double bond 
(i.e., the onm-bond), modified, however, to include the effect of the 
polarity produced by the difference between the C and oO atoms (of 
which O is strongly electronegative). For this reason, the «-cloud 
density of the C=O linkage should shift toward the oxygen. 

Let us first consider the C=O linkage in ketones, Table VII gives 
an analysis of the susceptibilities of some ketones. 


Table VII 


Substance 


Dimethyl! ketone (acetone)... 
Methyl ethyl ketone 


Methyl propyl ketone 
Methyl butyl ketone 
Diisobutyl ketone 
Methyl hexyl ketone 


We see from the above that two of the ketones show high y, values: 
these are the diisobutyl and the methyl hexyl ketone, Methyl hexyl ke- 
tone has five CH, groups which can contribute a paramagnetism of the 
order of 3x10°. The high value of diisobutyl ketone is apparently 
associated with the presence of two CH, and two CH groups, which to- 
gether produce a paramagnetism of the order of 2.6x10°°. The data of 
Table VII show that on the average, the paramagnetism of the carbonyl 


bond yy, =9—10-10°°, A very similar paramagnetism is displayed 
C=0 


O 
by the aldehydes, which contain the ce group. Table VIII gives an 
analysis of the susceptibilities of aldehydes. 
Taking into account the effect of the methylene groups, we find 


XP oo = 9—10- 1078, 


In other words, , i.e., the presence of a hydrogen in 
é . 


x = Y 
PCHO Poe 


O 

c€ has no appreciable effect on the distribution of the electron 
H 

density within the carbonyl group C=O, 


Table VII 


Acetaldehyde...... 
Propionaldehyde. .. . 
Butyraldehyde ..... 
Meth ylhexylaldehyde . 
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In the case of formaldehyde 


H 
Nee 

"VA 

one could expect some special behavior of y, because of the presence 

of two symmetrically located hydrogens. However, there are no reli- 


able data on the magnetic susceptibility of this compound, 


Some interesting structural characteristics of the group 4 


NR 
become apparent by analysis of individual amides. Whereas in form# 


O O 
amide H—c? Vp = 9.5 - 10°, andinacetamide ane, (= 8-710 


a \NH, NII, 
ON 
in urea ee O we obtain y,—4.5> 10° , the x, of the latter is 


about one-half the value of formamide or acetamide. It must be assumed 
that this significant drop in Van Vleck paramagnetism is due to the two 
symmetrical amine groups and the existance of conjugation, which 
together strongly shift the electron density toward the oxygen [100]: 


O 
HN 
SES oO: 
HN 

L 


i.e., the polarity of the carbonyl bond is considerably increased. The 
existence of a conjugation between the C—N and the C=O bonds can be 
inferred from the fact that the C-N bond in urea is considerably shorter 
than usual (1.37 A instead of 1.46 A). It should be emphasized that in 
this case, the Van Vleck paramagnetism is much more sensitive to 
such effects than the bond length. In oxamide, for example, 


YO 
NH, HN 


we can see that the direct coupling of two amide groups leaves their 
paramagnetism almost unaffected, In oxamide y,=2-9.65-10°°, i.e., 
the paramagnetism of each group is only slightly higher than that of 
formamide and acetamide, 

In examining the effect of coupling various groups to the carbonyl 
group, it is useful to consider the effect of halides. 

The group 
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is present in the acid halides, listed in Table IX. 


Table IX 


ag Ee 


Acetyl chloride CH3COCI... . 


Propionyl chloride CoH sCOCI . 
Butyryl chloride C3H7COCI. .. 
Oxalyl chloride CIOCCOCI] ... 


Keeping in mind that in this case the methylene groups can also 
contribute slightly to the paramagnetism, we find 


Xp == 11 ~12-10°° 
COCI 


Comparing now the effects of the various groups on the paramagnetism 
of the C=O bond, we arrive at the following results: 


In dimethyl ketone, the effect of both aliphatic moieties is identical. 
The replacement of one of the aliphatic moieties with NH, reduces the 
paramagnetism, whereas, on the contrary, replacement with a chlorine 
atom increases the Xp= It may be assumed that this change in ;, is due 
to the fact that NH, is an electron donor while the Ci atom acts as an 
acceptor. 

A similar phenomenon is observed intheinfrared spectra, In diethyl 
ketone, the C=O group absorbs at a frequency of 1711 cm™'; the re- 
placement of an ethyl group with NH, reduces the frequency to 1654 
cm-!; and the introduction of Cl raises it to 1792cm™', Thus, we can 
see that the Van Vleck paramagnetism is about as sensitive to electron 
shifts in the C—O bond as is the characteristic infrared frequency of 
this bond. 

Let us now consider the magnetic properties of the carboxyl group 


co 
“OH 
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Table X shows the susceptibility analysis of carboxylic acids. 
Table X 


Formic HCOOH 
Acetic CHl3COOH 
Propionic CH3CH2COOH ... 


n-Butyric CH3(CH2)2COOH . . 
n-Valeric CH 3(CH»)3C OOH o% 
n-Caproic CH 3(CH>)4COOH. . 
Enanthic CH 3(CH»)-COOH ete 
n-Caprylic CH3(CH2)¢COOH . 


We see that xy, increases gradually with the number of methylene groups. 


O 
In the carboxyl group x¢ itself we obtain y,=8.4-10 “rom CH, 


OH 2 
COOH) and y,8.2-10 °(from HCOOH), i.e., an average of 8,3-10 °°, 
The decreased y, of the carboxyl group, a8 compared with the carbonyl 


STOUP (Xpo_5 = 9-5: 10~°) is evidently due to the presence of the hydroxyl 


O 
group OH, Whereas the bonds C=O and x4 give y,=9.5-10 ° and 


8,3-10°°, respectively (when the rest of the giolecuie is a linear hydro- 
carbon), somewhat higher values of Xp are observed in cyclic hydro- 
carbons, For example, 

in cyclopentanone 


H,C 
H,C 
HC 

CH, 


C=O Lp = 12,4- 107%, 


and in cyclopentane carboxylic acid 


H,C 

H,C Ye 
C y —_— ze) . 2, 

wel “oe 7 we 

CH, 

in cyclohexanone 
H,C CH, 

H,C C=O y,=13.5-10, 
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and in cyclohexanecarboxylic acid 


HC CH, 6 

HCY Sc? a ie he. 
a Je an Yp = 11.6 - 10 
H,C CH, 


As we have mentioned above, the ,, is 0 for cyclopentane, whereas in 
cyclohexane, ~,==4.9-10 °. However, it appears that it is not these 
properties of the five-membered and six-membered rings which are 
responsible for the higher x, values of the cyclic ketones and cyclic 
carboxylic acids, Otherwise, the y, of cyclohexanone would differ from 
the x, of cyclopentanone by about 4.9, and the y, of cyclopentanone 
would not differ from that of ordinary ketones. We may assume that the 


O 
direct cause of increased paramagnetism of the C=O and C& 
H 


groups in these cases is the distortion of the rings themselves by these 
groups. However, it is typical that in all these molecules 
Xpc=o > “ce 
OH 
In order to understand the reason why the hydroxyl group reduces the 
Xx,» it is useful to consider, in succession, alkali salts, esters and 
acids. Table XIcompares these data. Itis readily seen that the decrease 
in electropositivity of the atom (or group) attachedto oxygen by a single 
bond (Li, Na, H, CH,, C,H,;) is accompanied by increased paramagnetism: 


Ye le 
O 
ck 6~7 
O-—Na 
0 
cH Bod 
Oi 5 
0 
G 9 ~ 9.6 
Oi 
O 
CF ~ 9,8 


This may apparently be explained as follows: in this case, the para- 


magnetism is due to the C=O group. The more polar the ex bond, 
the greater the shift of the electrons x-clouds toward the oxygen atom; 
thus, the cloud assumes an increasingly symmetrical character. 
In group 0 
A 
O—Na 


the sodium becomes positive since it gives up its electron to the neigh- 
boring oxygen (which is linked by single bonds to C and Na), The 
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Table XI 


34 


Lithium acetate CH3COOL/i. . 
Sodium acetate CH3COONAa. . 37.6 


Acetic acid CH3COOI. ... . 31.6—32 


Methyl acetate CH3COOCH 3 . 42.6~—43.4 
Fithyl acetate CH3COOC)Hs . 54.2 
Sodium formate HCOONa. .. . 25 
kormic acid IICOOH 19.9 
Methyl formate HCOOCH 3... 30.9 
thy! iormate HCOOCoII5. . . 54.2 


presence of this negatively charged atom O’, which polarized the bond 
C’=O-, reinforces the positive charge of C* and the negative charge 
on the second oxygen atom. This inductive effect may be represented 
Schematically as follows: 


O7- <— Nat. 
The inductive effect diminishes as the electropositivity of the atom or 
group replacing Na decreases; thus, in esters, already we have an al- 


most homopolar bond 
O) 


O 

_¢ 
aS a result of which x, increases to 9— 10. 10°°. It is interesting to 
compare the acetic with the chloroacetic acid. The replacement of 


one hydrogen atom on the methyl group with a chlorine shifts the elec- 
tron density to the chlorine 


H O 
WA 
Cl —- C<C 
H* No <—H 


and increases the polarity of the C=O bond. This causes the paramag- 
netism to drop from 8,4 (acetic acid) to 5.3-107° (chloroacetic acid). 

We have seen that an individual carboxyl groups exhibits a X%peooy = 8 
10-°. Let us now turn to molecules containing two linked carboxyl 
groups (Table XII). It is clear from the data that coupling of two car- 
boxyl groups (like that of two carbonyl groups) has almost no effect 
on their y,. The presence of one or two methylene groups between 
them exerts only a slight effect on Xpe 

Again, the paramagnetism of an individual group in an ester is 


O 
affected only slightly by coupling of several ok P groups. Thus, 
Hi, 
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Table XII 


Substance 


COO! group 


Oxalic acid 


Malonic acid 
j 
O O 
Ve 


HO H 


H 


Succinic acid 


O 
in these compounds, each cf ‘5 group accounts for x,=10- 10°°; 
3 


O 
but we found for one ok group y,=9~9.6- 10°° (methyl acetate 


oO 
and methyl formate), ma 


Table XIII 


Substance 


Dimethy] malonate 


O 
H3C—O 


f 
Sc—c-—c 

| 

H 
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Thus, we find that the presence in the molecule of two carbonyl, 
carboxyl or similar groups leaves the x, of the individual bond almost 
unaffected. This means that the structure of the C=O group does not 
undergo any change, 

Let us now consider the C=O linkage in some simple inorganic 
molecules listed in Table XIV. Should the CO molecule have the struc- 
ture of C*=O', then y, in all probability, would be of the order of 
8—9-107°, Should the CO molecule, on the other hand, correspond 
exactly to structure C=O, we would probably observea still higher ,,, 
of the order of y—10.- 1078. 


Table XIV 


We can predict a priori that the paramagnetism would be sharply 
reduced only if the CO molecule contained either a single C-Oora 
triple C=O bond (with the latter the symmetry of the electron clouds 
is rather high as compared to the C=o bond). But, if a single or triple 
bond were present, both the oxygen and the carbon atom would be left 
with a lone unbalanced electron, i.e., the nonpolar molecules C—Oas 
well as C=O. would have a constant magnetic moment. In the case of 
the C—O bond, one 2p-electron wouldbeleft at each atom. Furthermore, 
the imposition of the polar state C’—O7~ couldnot produce a diamagnetic 
molecule, since the two 2p-electrons do not form a closed shell (i.e., 
one lacking a moment) in either of the two ions C* or O°. What we are 
saying is that neither the C—O, northeC”-O°-, nor the C°-—O* structures 
correspond to the diamagnetism exhibited by the CO molecule, Ifa 
polar state were imposed on thetriplebond, then only the C° =0O* struc- 
ture corresponds to the absence of a magnetic moment, whereas, in 
a neutral C=O bond, both the carbon and the oxygen retain one sp- 
electron. The absence of a magnetic moment becomes possible only 
in that case when two unshared sp-electrons are present at the car- 
bon, i.e., in C =O", 

The electronic structure of the C°=0O* molecule should be similar 
to that of the nitrogen molecule N=N, Indeed, both the Langevin and 
the Van Vleck components of the CO and N, molecules are very 
similar and the y are almost equal: 


CO N2 
Xq = -16.25- 10-6 X%q = —15.45. 1078 
Xp = 44 -10°° Xp = 3.35 107° 
x = -118 - 1076 x = -12.1 - 107% 
a = 1,95. 10724 a = 1.76. 10724 
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The C =O* model, proposed in the past by various authors on other 
grounds even without a detailed consideration of the magnetic data, 
has been confirmed recently by an experimental determination of the 
sign of the dipole moment [101], 

The quantum-mechanical treatment of the CO molecule by Moffitt 
[103] shows that the o-bond of this molecule is produced by the 2p- 
electron of oxygen and the hybridized sp-orbital of the carbon. This 
linkage creates a dipole with a moment of about 2.1 D and with its 
negative end in the O atom. At the same time, the two x-bonds pro- 
duce an opposite electric moment of about 1.9 D, so that the net effect 
is a small electric moment, 

Even though it is true that the molecule has a very small dipole 
moment »=0.11D, the O atom nevertheless has a positive charge. 

Turning to the CO, molecule, we note (Table XIV) that its Van 
Vleck paramagnetism is exceptionally low. This shows that the 
structure of CO, corresponds to 


O=C=0; 
i.e., to a complete axial symmetry of the two cumulative carbonyl 
linkages. As we know, the [CO,] ion has a system of three com- 


pletely equivalent bonds between the carbon and the three oxygen, 
which is usually represented by 


oF Oo? 


In this case, each C=O bond is considered to be equivalent to about 
11, of a double bond, so that this molecular ion, as a whole, is assumed 
to be equivalent to one strongly polar *C=O7 bond, It should be noted 
that the polar bond *C—O7 has, as we have seen, a paramagnetism of 
the order of 8—9-10°° when the interatomic distance is of the order 
of 1.2 A (aldehydes, etc.). It is not difficult to foresee that in view of 
the fact that the electron density in the polar x-bond is concentrated 
chiefly around the negative end and is distorted by the presence of 
the carbon atom, a considerable increase in the C—Odistance (which 
‘we do observe in the CO;~ ion — d==1.31A) should result in an 
appreciably smaller deformation of this negative cloud; hence, it 
would produce a decrease of x,. In fact, judging from the y,, each C=O 
bond in CO; is equivalent to only '/, of a double bond. 

As we will show below, there is a substantial difference, in this 
respect, between the carbonate and the nitrate ions. 


.O 
4. THE N=o AND Ng LINKAGES 
‘O 


To date, only a few compounds containing the nitroso group N=O 
have been studied. Analysis of the magnetic data for these compounds 
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are given in Table XV. 


Table XV 


6 


Nitrosodiethylamine (C4H5)2N (NO) ~18.1 
Nitrosobenzene Cg6HsNO ~12.4—17.4 


Substances containing the nitro group have beenstudiedin much greater 
detail. In this group, the two oxygen atoms are completely equivalent. 
The accepted representations of the nitro group are: 


O 
O O .O 
nt J , or nZ , or né 


All of these three formulas indicate that, first, each of the N-O bonds 
is only partially a double one (approximately '/, ), and second, that a 
partial displacement of charges has occurred. 

The study of the magnetic susceptibility of compounds containing 


,O 
the nitro group Ng gave Table XVI. 
<O 


Table XVI 


ee eae, 


Nitromethane CH3NO> 


Nitroethane CH3CH»NO. .... 
1-Nitropropane CH3(CH )2NOp>. 
2-Nitropropane (CH 3)>(CH)NO» 
Nitric acid HONO, 


If the data of Tables XV and XVI are compared, we See that the nitroso 
group N=O has a paramagnetism of 12.4—18.1-10°°, while the nitro 


O 
group Ng has x, =15.5—17.5- 10°, In other words and Xoo, are 


Xpno 
about the same. This should have been expected, since each of the N== 


0 
linkages in the ng group is equivalent to only !/, of a double bond. 


A closer examination of Table XVI shows that in those cases where 
the NO, group is attached to electropositive groups CH,, C,H, or a: H., 
the paramaenetion of the nitro group reaches 16-10 °— 17.5. 107° 

In nitroethane, replacement of hydrogens with chlorines produces 
a shift of the electron density toward the Cl atoms. A positive C atom 
appears in the vicinity of the N atom, which decreases the positive 
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charge on the nitrogen: 


Cl eo 
Cla—G* aN 
C1’ ‘O 


The dipole moment of the N—O linkage should decrease, a decrease 
accompanied by a rise in the paramagnetism %p,o,. Indeed, in chloro- 
picrin, CCI,NO, y=—63.65-10°°. y,=-92.4-10°° (at a= 11.08. 107%), 
from which y,= 28.75 x 10°°, As we have seen, in chloroform (i.e., 
in the presence of three chlorine atoms), each C—Cl linkage has 
Xoc_g = 3° 10°°, We can assume, therefore, that in chloropicrin, which 
has a paramagnetism equal to28.75-10°° the three C—CI bonds account 
for ~9-10 °. In that case, the nitro bond in chloropicrin has a para- 
magnetism of ~20-10°, Conversely, in the nitric acid molecule, 


O 
H->O7—N/ 
No 
the proximity between the negatively charged hydroxy] oxygen and the 
nitrogen should cause an increased polarity of the nitro bond, and its 
paramagnetism drops to 15.5- 107°, 
In tetranitromethane, C(NO,),, X%:==66-107°, i,e., each nitro group 
accounts for 16.5-10°°, The mutual proximity of the four positive 
nitrogen atoms in molecule 


0 0 
NY, 

N 

O 

a ae. 
‘SN—C—NE 
oO” | “No 


O O 


should decrease the polarity of the bonds and increase the x, some- 
what by comparison with nitromethane and similar compounds. One 
would expect, therefore, that the x, in C(NO,), would be greater than 
16.5x10 °, but experiment gives only that value. It is difficult to say 
at this time what causes this low y,. Only one study of C(NO,), has 
been described in the literature. An extremely interesting case is that 
of N,O,, in which y=—26.0-10°°, yg=—43.3-10°° (a= 43-107), y= 
17.3-10 °, The N,O, molecule is usually represented schematically as 


O 0 
Snont. 
0% No 
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Electron diffraction analysis indicates that the actual geometrical 
disposition of the atoms does indeed correspond to this representation 
[104]. However, this representation assumes the presence of two 


,O 
N€ groups, whereas the magnetic constants indicate aparamagnetism 


equal to a y, corresponding to one nitro group. In other words, the 
relationship between the paramagnetism of N,0, to that of the nitro 
group is the same as that between the paramagnetisms of the nitro 
and nitroso groups. The experimental data indicate that all N-C bonds 
in N,O, are equivalent. It is perhaps better to represent the structure 
of this molecule by the following formulas, taking into account the fact 
that the triple bond possesses a slight paramagnetism: 


O 
\n+ NY” | 
-O SO 
O O- 
Se ae 
SN=NtS 
Ww SO 


At any rate, the magnetic analysis shows that each of the NO, groups 
in the N,O, molecule has only one-half of the nitro bond, whereas, in- 
sofar as we know, all the previous theoretical treatments have as- 
sumed the presence of two nitro bonds in this molecule. 

There is aclose relationship between the structure of N-O and that 
of the molecular nitrate ion {NO,) , which,aswe saw in Ch. III, Sect. 3, 
has y,=15.0-10°°, i.e., the paramagnetism of approximately one N-O 
bond. Since it is known from experiment thatall the bonds in the nitrate 
jon are equivalent, it is evident that the magnetic data confirm the 
treatment of the nitrate ion once proposed by Pauling: 


Oo 0 
N= dy 
I 
O 


in which each N-O linkage is equivalent to '/, of a double bond. It should 
be observed that the N-O interatomic distance, which is equal to 1.17 
A in the N,O, molecule, becomes 1.27 A inthe NO; ion. The decrease 
of the paramagnetism to15.0-10 °is probably due to this sic. 1ificant 
elongation of the bond. 


5, THE C=N AND C=N LINKAGES 


The C=N bond is present in nitriles and isonitriles. In regard to 
its magnetic properties, only the following nitriles (see Table XVII), 
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have been studied thus far. 


Acetonitrile CH3CN 


Table X Vi 


Propionitrile CH3CH CN 
Butyronitrile CH3(CH )oCN 


The slow and gradual rise of y, is evidently related to the presence of 
methylene groups. The C=N bond itself apparently accounts for y,= 
2.6-10 °, Based on these data, it would be interesting to consider, 
first of all, the molecule of cyanogen (CN),, whose structure is usually 
represented as 


N=C—C==N. 


If this formula were correct, we would expect a Xp no greater than 
5-10°°—6-10 °, a value which would account for the possibility of a 
Slight decrease in X, due to the interaction of the CN groups. However, 
it is found that in (CN), 


Y= —21.6- 107° and y,= — 34.4- 107%, 


whence y, = 12.8. 10°°, Apparently, we are dealing here withan example 
of bond conjugation, which brings the molecule closer to structure 
N=:C==Cz=N. The paramagnetism of the C=N double bonds should be 
greater than that of C=N. 

While the cumulation of two double bonds should enhance the sym- 
metry of the electron clouds and cause the paramagnetism to drop, 
the cumulation of three double bonds does not increase the symmetry. 
Furthermore, the C=C bond has a rather appreciable paramagnetism: 
4~6-10°, Thus, we can say on the basis of the magnetic data that 
formula Nz=C=:Cz:N represents the properties of the (CN), molecule 
better than N=C—C=N. The model with double bonds is also supported 
by the fact that the experimental distance between the two neighboring 
C atoms in the (CN), molecule is 1.37 A, i.e., is almost the same as 
in the ethylene bond C=C (1,34 A), but differs appreciably from that 
of the single bond C-C (1.54 A). 

As for the C=N bond, the literature provides no information on any 
Compounds where this bond would exist in a completely pure form. 
However, the dicyanamide molecule contains both a C=N ‘and a C=N 
bond. Since they are located far from each other, it could be assumed 
that they do not interact, 

In dicyanamide, y= — 47.8: 107°; yg=—59- 10°, sothat y,=11- 107°, 
If we consider that in this case X¥p=Xp.yt+Xoc_y 2D Xppay = 2-6+10 


126 Diamagnetism and the Chemical Bond 


then y,| ~8.5-10°°, Turning to isobutyrazine C,HisN,, we find for 


C=N 
C=N—N=CC 


the two Conjugated bonds, 

Xp, = 15.7- 10°° whence %o¢_y ==7.85-10°°, i.e., the paramagnetism of the 

two conjugated C=N bonds is virtually equal to double the y, of one bond. 
In oximes, we have the combination of the C=N and the OH groups, 

Since the paramagnetism of the hydroxyl group is known from alcohols 


(Ch. IV, Sect. 4) %o4 <2.5-10°°, we can attempt to determine the para- 
magnetism of the C=N group from the y, of the oximes, assuming 
that a simple additivity of y, holds. 

Dimethyl ketoxime, (CH,).—C=N—OH has y,=9.6-10°°and diethyl 
ketoxime, (C,H;),C=N—OH, y,=9.2-10°°. Thus, we find for y, 7.1 
and 6.7-10°°, respectively, i.e., an average of ~7.10°°, - 

Analysis of the magnetic susceptibility of cyanamide, CH, N,, leads 
to ¥,=4.2- 10 °, but, as we know, cyanamide consists of two tautomeric 
forms: 


I II (carbodiimide) 


NH,—C==N =< HN=C=NH 


The first form should lead to y,=2.5-10°", the second, to y,=14~ 16. 
10°° or a little less. The fact that the observed value of y,== 4,2- 107° 
exceeds the one we found for the C=N bond (y,—2.5- 10°) shows 
at any rate, that the concentration of form II at room temperature does 
not exceed 10%. 

A study of melamine, C,; H, N,, which may be regarded as (CH,N,), , 


i.e., a trimer of cyanamide, gives, for y = — 61.8-10 ° [22] and —63.3 = 
10-° {105} when a=11,.15-10%, y,—=—83.5-107°, whence Xp = 21 and 
Xocy 710°. 


It is assumed that melamine consists of two tautomers: 


NH, NH 
| | 
C C 
ra = HN NH 
ae 


NH, N NH, NH NH NH 
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In form I the bonds are conjugated, while in form II no conjugation 
is possible. Magnetically, forms I and II should differ substantially. 
In form I, the conjugation of the C-N bonds should produce an appre- 
ciable diamagnetism, similar to the diamagnetism of aromatic rings. 

The value for Xp-_, in melamine, calculated from experimental 
data, proves to be of the same order of magnitude as in amides and 
oximes and seems to confirm the small concentration of the conjugated 
form I. 

In conclusion, let us consider the [CN] ion. Among cyanides, the 
most reliable data have been obtained for KCN: y=—37-10°°, 
Xq = — (36 — 39). 107°. 

Thus, x, does not exceed 2x 10°° in this case. The structure of the 
[CN] ion can be representedasthesystemC =N, which is isoelectronic 
with the above-considered molecules N=N (y,=4.3-10°°) and C =0" 
(y, == 3.35- 107°). 

Finally, it is interesting to note that in the ester of isocyanic acid 
C,H;—N=C=—0O, for example, the magnetic analysis gives y,—6- 10 3 
although the C=N and C=O bonds together should give 107° x x)= 
7+10=17. However, the cumulation of these double bonds reduces the 
asymmetry of the electron clouds and the x,. 


6, THE Ss=0 LINKAGES 


The simplest sulfur compound containing the S=O double bonds is 
sulfur dioxide, SO,. Analysis of the susceptibility of this molecule 
(y=—18.2- 10°, yz==—37.1-10°°) yields y,=18.9-10°% Thus, each S=O 
bond accounts for ~9.5-10°°, The molecule of sulfur trioxide, SO,,, 
often represented schematically as 


should manifest the paramagnetism of three S=O bonds. However, the 
magnetic data (y=—28.5-10 °°, yg== —39.8-10°°) yield y,= 11.3-10°°, 
i.e., to the paramagnetism of approximately one S—O bond. Conse- 
quently, this molecule should be represented approximately by 


O, ,0 
SF 


! 
O 


and, in fact, each S-O bond is found to be equivalent to only ~ '/; of a 
double bond. 

It is remarkable that, as we have seenabove (Ch, II, Sect. 3) for the 
[SO,]"~ ion, x, =9.3-10 "—10.6: 10°°, i.e., the average is also ~10-10°°. 
Thus, the [SO,).. ion should be represented by a formula in which 
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each S-O bond assumes only '/, of the double bond 


7FO O77 
XY 
S 


O 


O 


As we know, these are precisely the models of SO, and [SO,] which 
have now come into widespread use as a result of very complex cal- 
culations, based on entirely different considerations. The data given 
above show what valuable information on the nature of a bond can be 
obtained from a mere analysis of the magnetic susceptibility, which 
avoids resorting to such complicated calculations. 

Somewhat different properties of the S=O bond are displayed by 
organic sulfates and sulfites. In dimethyl] sulfate, 


CH,— 
ys 
men 
and diethyl sulfate 
C,H;—O O 
2 s¢ 
Eh407 NG 


we find y,—12.5- 10°° and 13-10°°, respectively. In diethy] sulfite 
S=O y,=20.4-107° 


Thus, we may assume that the structure of both sulfates would be ex- 
pressed more correctly by the formulas 


Ci 
Sl 
oo 
C,H; ee 
he 


and the structure of diethyl sulfite, by 
CoH, 
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It would be very interesting to verify these formulas by an independent 
method. 


7, GENERAL CONCLUSIONS 


Using our method for separating the diamagnetic susceptibility into 
its Langevin and Van Vleck components, we come to the conclusion 
that all multiple bonds display an appreciable Van Vleck paramagnetism. 

The numerical values of y, for thedoublebonds C=C, C=O and C=N 
are always considerably higher than the y, of corresponding triple 
bonds C=C, C=O and C=N, Studies show that the x, values of multiple 
bonds are very senstive indicators of the polarity of the bond: the greater 
the polarity of a bond, the smaller the y, (other conditions being the 
same), This method makes it possible to follow the interaction and con- 
jugation of multiple bonds under various conditions. 

Using these characteristics of the multiple bonds, one is able to ob- 
tain some valuable information on the structure of chemical bonds in 
certain complex molecules and molecular ions. The characteristics 
of the multiple bonds are also reflected in the Langevin component, 
although to a considerably smaller degree. The changes in the Lange- 
vin component can, in some cases, be thoroughly analyzed and elucidated. 


Chapter VI 


MAGNETIC PROPERTIES AND STRUCTURE OF THE 
AROMATIC BOND 


1, GENERAL PROPERTIES OF THE AROMATIC BOND 


The aromatic, i.e., strongly conjugated ox-bonds in cyclic com- 
pounds are characterized by the fact that their <-clouds are to some 
extent shared by all the atoms of the entire aromatic ring. Thus, the 
aromatic molecules are distinguished by r-electrons circulating more 
or less freely around the perimeter of the ring. This is the principal 
cause of the large anisotropy of the magnetic properties exhibited by 
aromatic compounds. In nonaromatic compounds, the main components 
of the diamagnetic susceptibility are the y, and the y,; however, in 
aromatic compounds, it is natural to subdivide the Langevin component 
into two constituents: the y,, constituent produced by the localized 
electron clouds, and the y,,, due to the delocalization of some «-clouds 
of the aromatic bonds, 

Let us stress that the diamagnetism of the aromatic bonds is not 
entirely caused by the delocalization of these electrons; thus, y,, also 
includes some (‘‘localized’’) contribution from the susceptibility of 
the aromatic r-bonds. So far, it has not been possible to separate 
this contribution, Thus, the susceptibility of aromatic compounds may 
be represented as 


X= Xas t Ldn + Xp: (1) 
Taking into consideration the magnetic anisotropy of molecules of 


this type, we distinguish, in molecules having a center and a plane of 
symmetry, the following three main susceptibility components: 


X1 = Xa Hart XL (2) 
Xt = Xaots + Xela + Xptlv (3) 
Lilo = Xaslle + Xan"2 + Xpli2: (4) 


The x , component pertains to the direction perpendicular to the 
plane of symmetry; yj, and y;. refer to two mutually perpendicular 
directions lying in the plane of symmetry, We shall arbitrarily 
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assume that yi: is the susceptibility in the direction of the greatest 
length of the molecule (Fig. 32), 


—------— 
ON 


-> Xn, 


FIG, 32, Principal susceptibilities of 
an aromatic molecule, 


The magnetochemical study of aromatic molecules endeavors to 
determine the components x:,. y;,, y:» and their nine constituents, and 
to establish the relationship between all these quantities and the nature 
of the compound, In practice, we are still far from being able to de- 
termine all these quantities experimentally and for any molecule. To 
date, only x,. ¥ 1. ¥rp have been determined experimentally, and attempts 
have been made to determine y,,,; from these. However, as we shall 
see later, with some simple molecules it has become possible to eval- 
uate even the numerical values of other quantities and to compare 
them with theory. | 

Before proceeding to a discussion of individual aromatic compounds, 
we should observe that the above treatment of the magnetic anisotropy 
of aromatic molecules differs fundamentally from the generally accepted 
notions. The characteristic feature of our treatment is the successive 
application of Van Vleck’s theory to the z-electrons of aromatic bonds, 
Our treatment assumes that the magnetic susceptibility of «-electrons 
should include both the diamagnetic and the paramagnetic component, 
i.€., Xe = Yaz +Y%pxe Also, in addition, the nature of the electron density 
distribution on the x-ring forces the conclusion that the r-electrons 
of the ring should have a considerably higher x, than the localized 
s-bonds, in which usually y¥,=0. We assume, therefore, that in many 
cases (involving the simplest and most symmetrical aromatic mole- 
cules), almost all of the Van Vleck paramagnetism present in the 
molecule can be attributed to the x-electrons, i.e., y,=YX,,.- 

Let us emphasize here that the entire literature on aromatic mole- 
cules shows the tacit acceptance of the diametrically opposed view- 
point, according to which no paramag:.etism whatever is attributable 
to the delocalized x-electrons. Because of that, it is usually assumed 
that 


Xdnl = XL — Xt (5) 


We shall return to this problem somewhat later. 
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The y, and both y, are experimentally determinedby a simultaneous 
study of magnetic properties and of structure of single crystals. As 
was first pointed out by Krishnan [106] and Lonsdale [107], y,. x, and 
yi, can be determined only if it is possible to find the complete ar- 
rangement of the molecules inthe crystal (this can be done, for example, 
on the basis of x-ray analysis). We shall not go into the details of 
these methods. 


2, AROMATIC LINKAGES IN BENZENE AND 
POLYCYCLIC HYDROCARBONS 


Let us begin our discussion by considering the benzene molecule. 
Table I lists the experimental data on the polarizability and suscepti- 
bility of C,H,. 


Table I 


The molecular refraction of benzene can be computed from the 
additivity rule for the refractions; the result is in complete agreement 
With the experimental value. We think, therefore, that the processes 
of redistribution of <-electrons over the ring play « virtually negli- 
gible part in this case (see Ch. II, Sect. 2). 

Applying Kirkwood’s formula to benzene, we obtain 7,—= — 65.0-10°° 
and y,=10.15-10°°, i.e., %p¢..., = 1.69 - 107° per each aromatic linkage 
Cii:C. Thus, if benzene is assumed to have three conjugated C=C 
double bonds, each of these will have %p._. =3.35- 107%. 

It is particularly interesting to determine X,, , by this method from 
experimental data, since this quantity has often been computed by 
various theoretical methods. To find the experimental value of Xa, ,, it 
is necessary to explain how yx, is distributed among the different di- 
rections, The paramagnetism of the benzene molecule is, in all prob- 
ability, caused by x-electrons alone; the latter form a system with a 
plane of symmetry, and an axis of symmetry perpendicular to the 
plane of the ring. It is natural to assume, therefore, that the com- 
ponent of y, perpendicular to the plane of the molecule (i.e., of the 
ring) is close to zero, i.e., y, , 0. 

If the following assumptions are made: 


(a) Xp| = OQ 
(b) Xdo] ~ Xdo|i = Xdoy2 = Xal 
(c) Xdr || = 0 


) Xpya = Xpye. 
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But 
XI = Xia = Xile = Xay + Xpyy - 


Therefore, X is axially symmetric and Eqs. (2), (3) and (4) may be re- 
written in the form 


XI] = Xay * Xe, 


hence, 
Nan 1 —~X —~Xaye (6) 
On the other hand, 
I l 
Xa = 3 a 1 1 2%ay) = 3 Ky A 2X ay) = Lar + Her 
i.e., 
l 
Nao Pla X) 
and 
__ 3 
Xan | = 7 (hp — Xa): (7) 
Substituting into (7) the experimental values of y 1» as well as those of 
x, calculated from a, we find Yan | = — 44.4- 107°. 

Table II compares the theoretically calculated values of Ya; , 
with the experimental data calculated with the use of Eqs. (5) as well 
as (7). 

Table II 


Experimental Values Theoretically computed values 


~ e 6 = : 6 
Xan" 10 Xar1° 10 -Xaq,°10° (ol, 115) 


From Eq. (7) From Eq. (5) 


44,.7—49.0 (circular) 
36.7 (hexagonal) 


It is evident from the table that the theoretical data are in satis- 
factory agreement with the results obtained with Eq. (7), but do not 
agree with those obtained from Eq. (5). Many authors compared the 
results of their theoretical computations with the erroneous experi- 
mental value of 59.7x10 °, and, failing to get an agreement, tried to 
modify the theoretical methods of calculation, but again did not obtain 
data fitting Eq. (5). 
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By now it has become perfectly clear that the cause of this dis- 
crepancy lies not so much in the shortcomings of the quantum-me- 
chanical calculation as in an incorrect interpretation of the experi- 
mental data. In our analysis of the experimental data, we made the four 
assumptions mentioned above (a—d). If, however, ~,, were #0, 
then our value of y,,, would be smaller than the true value, Com- 
parison of our Xan | with the theoretical shows very Clearly that 
Yan | max =—49- 10°°, i. e., ~p , cannot exceed~5-10°° 

Our second assumption was that 7,, is really ai an isotropic quantity, 
i.e€., Xas | ==YXaoy1 = Xasyye We are dealing here with the s-bonds C-C 
and C-H, and we have seen in our discussion of alkanes and alicyclic 
hydrocarbons that the paramagnetism of s-bonds is either zero (in 
branched alkanes), or is very small; this indicates a high symmetry 
for these linkages. Unfortunately, the magnetic anisotropy of alicyclic 
hydrocarbons has thus far not been subjected to experimental study. 

Our method of study of benzene opens up the possibility of similar 
studies in other, more complex aromatic hydrocarbons, 

Let us, first of all, consider the polycyclic aromatic hydrocarbons, 

Table III lists the experimental data on the polarizability and sus- 
ceptibility of some of these compounds. 

Table IV lists the calculated values of 7, and y,. 

As we have already pointed out, in aromatic compounds the interest 
is concentrated on y,, ,, the diamagnetism produced by the delocaliza- 
tion of the x- -electrons, 

Let us try to determine this diamagnetism in these compounds, 
We will assume (and we shall prove this assumption later on) that in 
all these compounds, as well as in benzene, Xp , =0. This being the 
case, 


Xa =X = Xap Xa 


Table III 


eae ene 


10H 


Biphenyl! 
C, 2H io 
4-Phenylbipheny] 


91.8 [109] 
131.0 [109] 
129.6 [111] 
102.5 [109] 
152.0 [110] 
201.3 [110] 


154.7 [111] 


176.7 [109] 
254.2 [109] 
240 [111] 
186.4 [109] 
271.3 [110] 
372 [110] 


303 [111] 


52.9 [109] 
76 [109] 
74 [111] 
67.8 [109] 
96.8 [110] 
122 [110] 


80.6 [111] 


51.2 [109] 
72.3 [109] 
74 [111] 
63.7 [109] 
88.1 [110] 
110 [110] 


80.6 [111] 
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Table 1V 


en 10° per one 
Substance ; Cec 
linkage 


Benzene 


Naphthalene 


Anthracene 


Biphenyl 
4-Phenylbiphenyl .... 
4,4-Diphenylbiphenyl. . 


We shall calculate the diamagnetism of the localized electrons by 
using the data obtained for benzene 


dae. —6.35-10°°, x = —2- 1079), 
(Lace dHz 


3 
Table V lists the values of %4, ; =— > (X, — Yat). 
We find the “‘experimental’’ values of x¥,, ,, from Eq. (7), provided 
all the assumptions made for benzene hold for the more complicated 


compounds under consideration. 


Table V also gives ee = 


af : 
Faz | benzene one 


Table V 


Ytheor [15] 


Naphthalene 2.185—2.219 
Anthracene 3.45 —3.53 


3.246-3.307 


Biphenyl 1.868—-1.876 
4-Pheny biphenyl 2.739—2.744 


4,4-Diphenylbiphenyl........ 3.589 
4.46 


The discrepancies between Yexp 4nd Ytheor are relatively small, despite 
the approximate nature of Kirkwood’s equation, especially when speak- 
ing in terms of its being applied to aromatic compounds. This fact 
may be interpreted as evidence that the delocalization of the r- 
electrons in these compounds is still much less than that represented 
by the model of completely free electrons (metal model). 

The discrepancies between Yeo, 20d exp, Whereby ‘Yiheor > Texp 
(i.e., Texp is low—case of anthracene, phenanthrene and pyrene), or 
where Yexp > Itheor (i-€+, Yexp iS high—case of naphthalene, biphenyl 
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and 4,4‘-diphenylbiphenyl) may be due to the fact that the so-called 
lexp » Which we determined in an approximate manner from the ex- 
perimental data, may be subject to greater errors than the values of 
Ytheor » COmputed purely theoretically by means of the molecular or- 
bital method. We cannot decide at the present time what the real 
Situation may be. 

We have pointed out before that the polarizability increases with 
the degree to which the molecular structure approaches the metal 
model (i.e., with the increase in freedom of movement of the x- 
electrons over the network of aromatic linkages). However, the 
greater the polarizability, the less applicable Kirkwood’s equation. 
On the other hand, Kirkwood’s equation may produce completely er- 
roneous results even if the aromatic linkages are not conjugated; 
this would occur if the frequency of the absorption band were to lie 
near the visible portion of the spectrum, (i.e., the region where the 
polarizability is determined). If this were the case, the apparent 
polarizability would also turn out to be too high and a greater value of 
y. would be obtained. 

Such is the case of, for instance, diphenyl polyenes; when Kirkwood’s 
equation is applied to these compounds, the yx, values obtained are 
much in excess of anything reasonable (see Table VI). 


Table VI 


Substance a0 311-10° Vak 


Diphenylbutadiene C, 6H 14 


Diphenylhexatriene C,gH 46 
Diphenyloctatetraene CoogH gg .... 
Diphenyldecapentaene Cy,Ho9. .. . 


The numbers listed in the third column were obtained from Kirk- 
wood’s expression* 3.11-10° Vak for y, However, these numbers 
exceed considerably the possible values of y,. To see this, it suffices 
to compare, for instance, diphenylhexatriene C,, H,, with 4-phenyl- 
biphenyl C,y H\,.. These molecules have the same number of aromatic 
C::::C linkages, whereby in 4-phenylbipheny] they are distributed over 
three rings, while in diphenylhexatriene there are only two rings. 
Thus, we would expect a relatively higher diamagnetism precisely in 
the case of the former compound. However, Kirkwood’s equation 


gives x¥z== — 190- 10° for 4-phenylbiphenyl, whereas its application to di- 
phenylhexatriene gives ~220. The measured total susceptibility of 4- 
phenylbiphenyl is y= W— 152.0. 107°, whereas that of diphenylhexatriene 


is —146,9.10°°, The obviously high value of y, obtained for diphenyl- 
hexatriene from Kirkwood’s equation produces, in turn, too high a 
value of paramagnetism. In 4-phenylbiphenyl, Xp = 38 - 10°° (Table IV). 


*See Chapter II, Section 2, Eq. (3) 
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If we were to calculate 106§-3.11-Vak (i.e., the apparent y,) from the 
X of diphenylhexatriene, we would obtain for C,g Hj, a paramagnetism 
which would be almost twice that of C,g H,,; such a value is also 
highly unlikely. Thus, our method obviously cannot be used with di- 
phenyl polyenes. Therefore, our subsequent discussion will confine 
itself to derivatives of benzene, and in part, those of biphenyl, in 
which Kirkwood’s equations appear to hold within certain limits. 


3, BENZENE DERIVATIVES 


Let us consider the effect of replacing the hydrogens of the C,H, 
molecule with various other groups. The anisotropy has been deter- 
mined in only a few of the benzene derivatives. We shall therefore 
consider, first of all, directionally averaged susceptibilities of these 
substances and shall try to elucidate the effect of the substituents on 
Y%»- Table VII presents the pertinent data for the replacement of H 
by CH,, CH, and NO, groups. For the sake of illustration, the data for 
benzene have also been repeated. 


Table VII 


a EP 


Benzene C6He 54.85 
Toluene CgHs(CH3) 66.1 
o-Xylene Cg6Hs(CH3)o ; : 77.78 
76.56 
76.5u [112] 
p-Xylene C6Hs(CH 3) eae (112] 
n-Butylbenzene Cg6Hs(CH2)3CH3 ... 100.8 [112] 
1,3,5-Trimethylbenzene CgH3(CH3)3. 

Durene CgHo(CH3)q4 

Hexamethylbenzene C6(CH 3)¢ 

Nitrobenzene Cg6Hs(NOo) 

Dinitrobenze nae CgeH4(NOo)> 

Trinitrobenzene Ce6l3(NO>)3 


m-Xylene Ce6Hs(CH3)> 


We see that a single methyl group produces very small change in 
the paramagnetic component. The xylenes show that with two methyl 
groups, the ortho-state produces the smallest effect. It is typical 
that the Langevin diamagnetic component (y,) of toluene and the xylenes 
is related to the y, of benzene in a rigorously additive fashion. Indeed, 


in benzene y,=—65-10 °, Subtracting from y, the susceptibility of 
two kdrogens (assuming y,,—=— 2-10”) and adding the susceptibility 
of two methyl groups y,.4,= —14- 10°, we obtain Xa, pene * 10° = 65—4 


+2-14=89. The measurements for o-xylene give 89.0, for m-xylene— 
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89.5, and for p-xylene—90. Similarly, the y, of toluene is 77, in com- 
plete agreement with the calculated result. The fact that the y, of 
toluene and xylenes rigorously obey the additivity rule (when benzene 
is the starting point) means that the diamagnetism of the benzene 
ring itself remains completely unaltered in all these compounds. 

In other words, the methyl groups produce virtually no effect on 
the internal structure of the aromatic ring. This is also the case in 
1,3,5-trimethylbenzene and durene. This conclusion is also supported 
by data for the anisotropy of the durene molecule. The study of single 
crystals of durene showed that 7, = — 143.9. 107°, Xp) = — 82.4: 10~°, 
Xjo = —77.3-10 °, If the arguments presented above in the discussion 
of the anisotropy of other aromatic hydrocarbons are applied to 
C,H, (CH,), , we obtain for durene 

Vas: 446-10 °, te, V de | durené Vz | benzene « 

However, the diamagnetic component y, of hexamethylbenzene is 
already larger than it would be if the compound followed the additivity 
rule (it is 144 instead of 137). 

If we subtract fromy,benzene the diamagnetism of the six hydrogens 
10° Xgc.ar—= — 53-10 °°, but if the diamagnetism of six methyl groups is 
subtracted from the y, of hexamethylbenzene, we get for the aromatic 
ring of C;(CH,)s: Yac,ar = — 60-10%. 

This apparently means that the diamagnetism (%,,,) of the de- 
localized x-electrons of hexamethylbenzene is greater than of those of 
benzene. Since the dimensions of the aromatic rings in C,H, and 
C,(CH;), are the same (the C:::C distance is 1.39 A in both cases), it 
would appear that the methyl groups in hexamethylbenzene are strongly 
coupled with the aromatic ring, so that the effective number of 
x-electrons circulating in the hexamethylbenzene ring is substantially 
larger than in benzene, It should be noted that the y, of hexamethyl- 
benzene is almost twice that of benzene, even though we know that 
the methyl groups do not normally possess anintrinsic paramagnetism. 

This last fact is apparently also due to the higher effective number 
of circulating electrons in the hexamethylbenzene ring. As we know, 
the Van Vleck paramagnetism should be proportional to the number of 
electrons. Thus, again, the y, and x, of hexamethylbenzene point to 
the presence of coupling between the aromatic ring and the methyl 
groups. 

Turning to nitro derivatives of benzene, we observe a substantial 
paramagnetism (27.7-10 °°) in nitrobenzene C,H; NO,. If we account 
for the fact that the nitro group usually contributes its own intrinsic 
paramagnetism, which is of the order of 16-10 °—17-10°°, we can 
conclude that the paramagnetism observed in nitrobenzene is the re- 
sult of a simple superposition of the normal paramagnetism of the 
benzene ring (10-11) on the paramagnetism of the nitro group, giving 
a total of 26-10 °—28-10°°, 

The additivity of x, is also displayed in dinitrobenzene. In this 
molecule y,—=45.2-10°°, and from the additivity rule we would expect 
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Xp = 42 -10°°— 45. 107°, However, the purely additive character of the su- 
perposition of y, vanishes in the case of trinitrobenzene. The interaction 
of the nitro groups with the ring reduces the y, to 56. 10°°, whereas 
the pure additivity would give 58 - 10° °—62- 107°, 

Let us now discuss the diamagnetic susceptibility component y, of 
the nitro-substituted benzene derivatives. We know from aliphatic 
compounds that for the nitro group, y, No, = 29: 10-°—26- 10-8 By 


subtracting the diamagnetism of NO, and that of the hydrogens from 
the total y, of nitrobenzene, dinitrobenzene and trinitrobenzene, 
we again obtain the diamagnetism of the aromatic ring in these com- 


pounds, Xac.ar. We find: in C,H;NO, ¥y¢.4,—= —52-10°°, and in C, 1, 
(NOo)2 Xac¢ gp = 03-5: 10°, which agrees with the data for benzene 
(-53), 


The dipole moment of the nitro group in nitrobenzene is equal to 
4.22 D, whereas in nitromethane, for example, it is equal to 3.55 D. 
This fact is explained by the attraction of the nitro groups, which pull 
the electrons away from the ring. We can readily calculate that this 
dipole moment alteration 


O 
n& 
No 


(from 3.55 D to 4.22 D) does not require large changes in the charge 
on the N atom. In fact, it corresponds to only 0.18~0.2 unit (electron) 
charges. This change in the electron density of the aromatic ring is 
too small to be reflected in the y,,.,.. 

However, in C,H,(NO,)3, y¥/¢ ar = 748.5 instead of -53- 10°°, a drop 
of about 10%. If one nitro group reduces the electron density of the 
ring by 0.18 ~ 0.2 electron charges, three groups should reduce it by 
0.54~ 0.6 electron charges, Since the ring hasa total of six x~-electrons, 
the change produced is~10%, as expected. 

It is interesting that the symmetry of the C,H,(NO,); molecule re- 
sults in an electric dipole moment which is equal to zero. Thus, while 
the electrical properties of this molecule will not give even the dipole 
moment of each nitro group, a lot of information can be gotten from 
the study of magnetic properties. Some interesting data can also be 
obtained from the anisotropy of p-dinitrobenzene: ¥, =—106- 107°, 
Lg 107°, yo = — 38 - 10°°, Since the diamagnetism of the aromatic 
ring in this compound is the same-as in benzene, we can assume that 
the 7%, , Of C,H,(NO,), is the same as in C,H, 1.e.,%7, , =—44.4- ee 
This conclusion is supported by x-ray data which indicate that the ring 
of p-dinitrobenzene is not at all distorted by the two nitro groups and 
that the distances between all the carbons in the ring remain identical 
to those of benzene, 

If we had 7, ,=0, and xX4,¢4;, 22d Xyno, Were isotropic, then, as we 
have seen before, 


3 
Xan n = 7 (X, — Xa): 
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The isotropy of ¥,4,¢;,follows from the properties of benzene. As 
far as the nitro groups are concerned, we may also assume an almost 


isotropic sc-component, However, in dinitrobenzene 10%y ,=7 106, 
while 10°y,=— 113.5 (see Table, VII), i.e., |y,|<|xz|. This means that 
the y., of this molecule is not zero, In that case, assumption (a) of 


rf 
Section 2 is no longer satisfied and Eqs. (6), (7) ff. must be revised 


as follows: 


Xn | sa eee team ae 


Substituting the corresponding values, we find 4 = 37.1°10 °°, 
Since this paramagnetism is not produced by the benzene ring but by 
the two nitro groups, we find that each group gives 


I ip OO 


Let us recall that the directionally averaged paramagnetism of the 
nitro group is ¥,..=1!5—18-10°°. Thus, our value of %,no,, is very 
close to X%,no,- We know from x-ray studies that the molecule of p- 
nitrobenzene is planar, i.e., the nitro groups lie in the plane of the 
benzene ring: 


It follows from the preceding considerations thaty,.,_, is perpendic- 


LO 
ular to the plane of the groups Ng . The susceptibility component 
<O 


parallel to the plane of the molecule and parallel to the X axis is 


Xin = Lay 7 Xow 
and that parallel to the Y axis is 
X 2 Kaye 9 L pir 


It may be assumed that x,,, differs only slightly from Xaj» Since 
the participation of the aromatic x-electrons in these susceptibility 
components is almost completely excluded. On the other hand, assuming 
Lay = Xayo = Xa We obtain 


108 + ¥o4 = 10%, — 1087, = —64 — (—98.7)= 434.7, 
108 - Yup = 10%, — 10%, = —38— (—98.7)= +60.7. 
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If we consider that the benzene ring has a paramagnetism Wiese 7 
™15.2-107°, we obtain fy son 9.8 10°° and ¥, vo. 22.8-10°° for the 


paramagnetism of the ne - linkage in the plane of the molecule (see 


‘so 


Fig. 33). 


eae awe CC - 
Bo 
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FIG, 33, Anisotropy of the y, of the NO, 
group, 


Even though the numerical values of these components require 
verification and refinement, it is, nevertheless, notable that this is the 
first case where it has been possible to obtain even an approximate 
picture of the anisotropy of the Van Vleck paramagnetism of the nitro 
bond. 

Let us now consider the chloro-substituted benzene derivatives 
(Table VOI). 

Comparing the +,of the chlorobenzenes given in Table VIII, and 
conSidering that 7,,—= —2- 10°, we find Nec) == —20-107°, Thus, ¥a¢, ar 
becomes 


in C,H.Cl 54.1078 

in CgH,Cl, 54-10°° 

in C,H,Cl, 54- 107°, 

in CCl 53-10°, 

l.e., the Xgc,arremains practically unchanged when Cl is substituted - 
for H, 

Table VIII 


Chlorobenzene CgHsCl...... ; 84.0 70.0 
p-Dichlorobenzene CeH4Clo .. 85.4 
Trichlorobenzene CgH3Cl3.. . 106.5 (?) 
Hexachlorobenzene CgCle... . 147 


The x, increases with the number of Ci substituents, but trichloro- 
benzene does not obey this rule for an unknown reason (the measured 
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y is probably wrong). The appreciable paramagnetism of the C—Cl 
bonds can be explained by various factors, justas in the case of chloro- 
ethylenes. Coulson [63] attributes some x-charactertothe C—Cl bonds. 
This explanation finds support in radiofrequency spectroscopy which 
has shown the absence of cylindrical symmetry in bonds of this type. 
In addition, some interesting structural details are revealed by the 
study of the magnetic anisotropy of the following molecules: 
In hexachlorobenzene 


¥) =—182-10°°, 
Xy1 — “Xy2—= —128 - 10°. 


We have seen that the 7%, ,, of hexachlorobenzene is numerically 
the same as that of benzene, Thus, we would expect that both Xac,) 
and X,4c,; would be the same as in benzene, i.e., equal to -83 and -38.5, 
respectively. We would expect, therefore, that in hexachlorobenzene 
Xa 1 =—(83-+6- 20). 10-°=—203-10°° and Ya, =—(38-+6- 20)- 107° = — 
158.10 °, provided the C—C! bonds did not contribute to the paramag- 
netism of the molecule. 

Comparing these values with measured 7%, and y,, we find for 
hexachlorobenzene x,, = 21- 10°° and Xp; = 30- 10°. Then Xpc-ci, = 


> %»,= 3.5 + 10°°, If we then consider that Xp; also includes the para- 
magnetism of the benzene ring (+10 - 10°°), we have to conclude that each 
C— Cl bond again has 


Xp c—ci 3.5. 10°. 


Denoting the paramagnetism along the C—C! bond by x,, and the 
paramagnetism perpendicular to the bond (but still in the plane of the 
ring) by XX, and assuming that y,,, = Xec-ci1, i.e., that the paramag- 
netism of the C-Cl bond is the same in all directions perpendicular 
to the axis of the bond, we find by simple arithmetica] manipulation 
that (Xpy) = 2x + Xp. From this we calculate y,,=1.2-10-6, When 
these assumptions are made, the anisotropy of the covalent C-Cl 
bond (Fig. 34) acquires a relationship to Fig. 25. 

Let uS examine Some additional 
important cases inwhich the hydrogens 
of benzene are replaced by other 
groups (Table IX). 

In styrene, the aromatic ring should 
contribute a paramagnetism of the 
order of 10.5-10°° and the ethylene 
bond, 7—8.-1i0°°. 

However, the real x, is 20.5-10°°, 
instead of the expected 17— 18. 107°, 
Evidently, because of conjugation, the 
electrons of the phenyl group partici- 
FIG, 34, Anisotropy of the 7, pate to some extent in the ethylene 

of the C-=Cl bond. bond, and so the paramagnetism of 


=35 +1078 


tad 


€ 2n=2- 1078 Cl 
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Styrene Ce6H CH : CH. .... 


Table IX 


Acetophenone C6HsC : OCH, . ; 
Benzaldehyde C6HsCHO 

Phenylacetylene CgHsC : CH . 
1,4-Benzoquinone CeH4O2 ... 


the latter is of the order of 9— 10-10 °(as in the case where there is 
coupling with the methyl group). 

In acetophenone y,= 21.8 - 10 “° i.e., larger than the sum of 10.5- 10° 
and 9— 10-10 ° (see Ch. V, Sect. 3). Apparently, this case also involves 
coupling between the carbonyl and the phenyl group. Stara 
is an example of a simple additive superposition of x, = 10.5. 10° 
Xpcoo =11-10°° (see Ch. V, Sect. 3). In phenylacetylene, %» = 16.4 - 1o"* 
exceeds the sumcomposed of the (z,) phenyl ring = 10.5, ¥, p2p = 2.9 10°° 

and y,cy=0.7-10°, again indicating coupling of the acetylene bond 
with the phenyl group; thus, the phenyl electrons are also partly in- 
volved in the C=C bond. 

It seems interesting to compare the x, of benzene derivatives C, H; R 
with the xX, of methane derivatives, CH3,R. As we know, the interaction 
of the methyl group with the R moiety is small in methane derivatives. 
Figure 35 shows that the curves of the Van Vleck paramagnetism vs. 
composition for benzene and methane derivatives form a closely re- 
lated family. The difference between the ordinates of the two curves is 
almost constant and is equal to 9— 12-10 °, whichcorresponds approxi- 
mately to the paramagnetism of the aromatic ring. 

A special case is the molecule of /benzoquinone. 

In 1,4-benzoquinone, x, =40-10 ° can be interpreted as the sum 
24, ono + pce c+ 4% cu» Which would be evidence for the presence of 


coupling (since in this case y,._.= 8-10 °), 
At first glance, the ip aera anisotropy of benzoquinone, X, = 
—67.1-10°°, Ly, = 24.3 «I ~° and ¥).= —28.7 - 10°° would indicate the 


presence of delocalized electrons. However, the absolute value |y,| > 
ix,{ so that it would appear more correct to consider p-benzoquinone 


as a nonaromatic molecule 


H H 


If this were the case, the diamagnetism should amount to -77 - 10° 
in accordance with the additivity rule, and indeed, according to Table IX, 
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FIG, 35, Van Vleck paramagnetism of the compounds CHR 
and C6HsR as a function of the composition, 
it is equal to -78.3 - 10°°. On the other hand, A, =—67.1- 10°°, ice., 


there should exist a perpendicular component of the paramagnetism 


Xp i = 1.2-10 °, But Xp= £ (HX +X, pe whence —_, (37, ==), J= 54.4. 
10" (if we assume y |. =X p19): 

Thus, from the point of view of magnetic data, benzoquinone has 
an essentially nonaromatic molecule which seems to havean appreciable 
anisotropy of the paramagnetism 


6 = a= 16" 
1O°"x, » = 11.2; LOY 1 = 94.4 = 10 Y a 


It should be noted that the quantum-mechanical calculations do not 
contradict this treatment, These calculations indicate that the bond 
order for the C=C linkages in benzoquinone is 1.89 and that the order 
of the C=O bonds is 1.80, whereas the order of all the C::::C bonds in 
benzene is 1.67. 

X-ray studies of benzoquinone show that the length of the single 
C-C bonds is 1,50 A, and that of the double C=C bonds is 1,32 A (in 
benzene, all the C—C bonds are 1,39 A long), Thus, benzoquinone does 
not contain the usual benzene ring. 

It has been firmly established that the molecule of p-benzoquinone 
is planar, The magnetic anisotropy data, xy, =— 67.1-10 %; y,,= 
DAS 3 Oo Xyo = — 28.7. 10°°, show that Xj. 1S very close to Xj. This 
would seem to indicate a higher order of symmetry than would be ex- 


pected from a planar model of C,H,0,, which is known to have three 
planes of Symmetry. 
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The axial symmetry of the magnetic properties of the p-benzo- 
quinone molecule with respect to the axis perpendicular to the plane of 
the molecule appears to be determined chiefly by the axial symmetry 
of the r-clouds. 

If the bridges between thecloudshadanappreciable electron density, 
the molecule obviously could not possess that axial symmetry with re- 
spect to the axis perpendicular to the plane of the ring. Thus, we can 
assume from the experimental data on magnetic susceptibility that the 
bridges between the r-clouds are of negligible density, However, this 
seems to be contradicted by the fact that the bond length is only 1.32 A, 


4, BIPHENYL DERIVATIVES 


The derivatives of biphenyl and tetraphenyl are of major interest 
since these compounds contain more or less symmetrical groups, 
situated between the two or the four phenyl rings, respectively. How- 
ever, the application of Kirkwood’s formula becomes less and less 
valid in this case as we proceed to longer, polyatomic groups, in which 
x-electrons may circulate with increasing freedom along the axis. 
This free circulation of the r-electrons along the axis is typical of 
biphenyl and tetraphenyl polyenes, and is associated with an appre- 
ciable shift of the edge of the absorption spectrum toward the red 
region. For example, stilbene (diphenylethylene) absorbs at 322 mu. 
Introducing a correction for the proximity of the absorption band (see 
Ch. , Sect. 2), we can determine the polarizability of stilbene and 
attempt to use it for deterimining 7,. However, in a biphenyl] polyene 
with seven C=C groups, the boundary of the absorption band extends 
to 465 mu, i.e., it is so close to the yellow D line of sodium (by means 
of which polarizability is usually measured) that the very correction, 
which, based on a simple dispersion formula (Ch. Hl, Sect. 2), becomes 
completely unreliable, 

We will consider, first of all, those biphenyl compounds for which 
no corrections at all are required, or those to which the correction 
based on the dispersion formula is applicable. The corresponding 
data are given in Table X ooeeeren with the constants of biphenyl 
({(or comparison), 

Comparing the y, values of Biphenyl: diphenylmethane and pees 
we see that each CH, group makesthe same contribution (~-12 - °) to 
the diamagnetism of these molecules, and that this corresponds pelt Fn 
to the values y,.=—8-10°° and 7,,,==—2- 10° which we found earlier, 
This means that the methylene groups in diphenylmethane and bibenzyl 
do not differ from those in aliphatic compounds, The values of the total 
%» of these molecules, listed in Table X, are not accurate enough to 
explain the role of the methylene groups in the paramagnetism of the 
molecule, 

In benzophenone, the paramagnetism of the carbonyl group C=O, 
equal, as we have seen (Ch.V, Sect. 3), to y,,_,=9.5- 10°° is superim- 
posed on the paramagnetism of the rings. 
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Table X 
6 6 


Biphenyl] 


Cc ><> 


Diphenylmethane 
H 


| 
<_=C-G > 
| 
H 
Bibenzyl 


cis-Diphenylethylene 


Ph 4 
rt aa 
L/ 


sym-Diphenylethylene 
(stilbene) 


115.0 
117.0 
average 


116.25 


(corr.) 


In both isomers of diphenylethylene, Xp May be represented as the 
sum Lpiphenyl Xpc=c’ 


in cis- diphenylethylene, 10°, = 25.2+-6.8, 
in stilbene, 10°y, =25.2+ 12.5. 


In contrast to cis-diphenylethylene, the coupling of the phenyl 
rings with the ethylene group in stilbene results in the presence of a 
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greater number of electrons at the C=C bond, and consequently, in 
an increase in the Xpcec Of stilbene as compared to cis- diphenyl- 
ethylene. 
The data given above allow an approximate discussion of the anisot- 
ropy of biphenyl derivatives from a somewhat different viewpoint. 
Table XI lists the experimental values of the molar susceptibility 
components of certain biphenyl derivatives. 


Table XI] 


Substance 


Stilbene (symmetr. diphenylethylene). 
Diphenylacetylene (tolane) 
Diphenyldiacetylene 
trans-Azobenzene 


Unfortunately, as we have already pointed out, thus far we have 
no method for calculating the individual components y, |. Yai, and xg of 
aromatic compounds from the corresponding polarizability components 
a, @, and «a, The application of Kirkwood’s formula to the individual 
components leads to results which disagree with the experiment, How- 
ever, by comparing the existing data for the total susceptibility y, we 
can derive some interesting information on the anisotropy of the bonds, 

We should note, in addition, that the data of Tables X and XI are not 
completely consistent. 

The directionally averaged y for biphenyl, resulting from the data 
of Table XI, is -105.96 instead of the directly measured -102.5 given 
in Table X, It is probable that the more correct values for biphenyl 
are the following ones, which are completely consistent with the ex- 


perimental data: X,; = —181.4- 1073 Xyi— — 66.7 - 10° and X= 
— 62.7-10°°, ice, y= — 103.5-10°° , which, when compared with bibenzyl 
(Table XI), give Ay, =—23.6-10°, 4y%,,=—24-10° and dy)= 


—24-.10°°; this is also in agreement both with the numerical value of 
y and with the isotropy of the methylene groups in bibenzyl. 

It follows from x-ray diffraction data that the molecules of biphenyl 
and stilbene are virtually planar. Their aromatic rings have identical 
structures (in biphenyl, the C:::C bond length is 1.42+0.05A, and in 
stilbene, 1.39+0.04A). Thus, it may be assumed that all the suscepti- 
bility components in stilbene are the result of the additive combination 
of the corresponding contributions made by the susceptibilities of the 
rings and the HC=CH group. 

It should be remembered that the interatomic distance C—C in 
the HC=CH group of the stilbene molecule is equal to1.33+0.04 A, 
i.e., it agrees exactly with the usual C—C distance in the ethylene 
group. Comparing the susceptibility components x,, X%, and Xx), of 
stilbene with the corresponding susceptibility components of biphenyl, 
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on the one hand, and those of bibenzylon the other, we can independently 
determine the components of the susceptibility increments of the double 
bond. 

To do this, we use corrected susceptibilities of biphenyl, and attrib- 
ute yc=—8-10° and yau=—2- 10°° to the atoms of the HC=CH 
group. Thus, we obtain Table XII, 

The directionally averaged paramagnetic susceptibility of the 
ethylene C=C bond, calculated from the data of the last row of Table 
XII, is y,=11.38-107°, It is important to note that we found this value 
of ypc=c directly by comparing the experimental values of the suscepti- 
bility components, Our earlier calculation of the y, of stilbene from 


Table XII 


6 6 
Xize=e"!" Mises” 


Comparison with bipheny!. . 0 
Comparison with bibenzyl. . 4.7 
2.35 + 2.35 


a (using Kirkwood’s formula—Table X) gave yp,coc = 12.5-10°°, We 
have thus arrived at sufficiently close values of ypc=c by completely 
independent means. This agreement can be used as a prime illustra- 
tion of the applicability of Kirkwood’s formula to aromatic, stilbene- 
type molecules. 


5, HETEROCYCLIC COMPOUNDS 


Heterocyclic compounds are distinguished by the presence of 
atoms such as N, O, 5, etc., in the aromatic ring. Thus, the coupled 
m-bonds of the heterocyclic compounds use electrons from both 
carbon and the other heteroatoms. Heterocyclic compounds should 
obviously manifest the anomaly of diamagnetism typical of aromatic 
hydrocarbons. Table XIII gives the data for the magnetic properties 


N 
of benzene, pyridine; C,H,N C) , and pyrazine, C,H,N, CO) . We see 
N N 


that the directionally averaged diamagnetism of the ring electrons is 
the same and amounts to 51—53-107° in all three molecules, 

The presence of double-bond coupling in six-membered hetero- 
cyclic rings is reflected primarily in the Xp We have seen above 
that C=C bonds of cyclohexadiene, which are n t coupled with one 
another, have a paramagnetism equal to 6~7 - 107°. The three 
coupled double bonds arbitrarily assumed to be present in benzene 
have Xpc=c=3.38-10"°., In pyridine the three coupled double bonds 
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Table XIU 


Benzene.... 


Pyridine .... 


Pyrazine.... 


show Xp C= -c =3.9-10°°, while for pyrazine, y,—=7.4-10°°. We are in- 
ae to think that the experimental value of y for pyrazine (-37.6 > 
°) is somewhat lower than the true value. Otherwise, the Xp we 
poet Be for pyrazine would have to be taken as proof of the absence 
of conjugation in this molecule, and this would clearly contradict the 
other data of Table XIII. 
Let us now consider two heterocyclic derivatives of naphthalene, 


\ 
quinoline C,H,N od and isoquinoline C,H,N @: ‘ 


The data from an analysis of the magnetic properties of these com- 
pounds are listed in Table XIV. For comparison, the data for naph- 
thalene are also given. 


Table XIV 


perfect art a toe 


Analysis of the magnetic susceptibility demonstrates graphically, 
on the one hand, the strong coupling of the double bonds (y,cuc 
<5-107°), and, on the other hand, the constancy in the anomaly of the 
diamagnetism of the rings, as expressed in Yac,, and Xz cn. 

Similar characteristics are shown also by the heterocyclic deriva- 
tives of anthracene, C,, H,, as can be seen by comparing anthracene 


a o 


with acridine, C,,H N CO 
/ V aN 


): The corresponding data are given 


in Table XV. 


Table XV 


, 6 6 
Substance —-Xq' 10° Xe 10° XpC=c' 10 Navinee?!? 


Anthracene i 3.4 
Acridine : 4.14 
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Also of considerable interest are the five-membered heterocyclic 
compounds, which are exemplified by 


: HG | setes ce 
uran, ; IOREEES? HCC CH 
O S 
ea a 
and pyrrole , 
HQ /CH 
NH 
The data for these compounds are given in Table XVI, 
Table X VI 


43.1 50 3.5 
3.5 


3.0 


Furan 


Thiophene 


Pyrrole 


Let us note that y,=6—7-10, i.e., y,c-c=3—3.5: 10~° in all three 
molecules regardless “of the nature of the heteroatom (N, O, es this phe- 


ne 
HC \ Jeri ? 
CH, 


nomenon indicates an aromatic bond, Cyclopentadiene,C, H,, 


which is not aromatic, indeed shows Xp cec= 5- 107°. 


Unfortunately, the lack of experimental data on the anisotropy of 
heterocyclic molecules does not allow us to further extend this mag- 
netic analysis. 


6, GENERAL CONCLUSIONS 


Summarizing this chapter, we can state that our method proved 
generally applicable to a large number of aromatic compounds, although 
we feared at the very beginning that the considerable delocalization of 
the t-electrons, encountered in these cases, would make the application 
of Kirkwood’s formula impossible. 


Table XVII 


oa 
1.6 ee 
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Table X VIII 


Substance ene 10° 


aN 
CeHe Benzene | | 
Oy. 


Ci0Hg Naphthalene OO 
So a 


ay ee fa NY da 
Cyo2H14 Pentacene | | | | 
\PS7 ST SF NF 


C42Hy4 1,2,5,6-Dibenzoanthracene 


Aa 


| 
\ 
C39Hi4 Ovalene ANY ey 
\AN\AN4A\7 


CK 

In order to analyze in greater detail the reasons for the inapplica- 
bility of Kirkwood’s formula to certain aromatic compounds, we will 
approach the problem in a somewhat different manner. 

From the properties of benzene, naphthalene and other compounds, 
in which our method was applicable, we can find the average values 
of y, and x, for some individual bond types. These values, are given 
in Table XVII, These data were then used to calculate the total sus- 
ceptibilities y for a number of aromatic substances. 

Comparing the data obtained by calculation with the experimental 
results (Table XVIO), we observe, for instance, that the experimental 
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diamagnetic susceptibility exceeds the calculated value in C,. H,, com- 
pounds, and that difference increases as we go from pentacene to picene, 
This apparently indicates increased delocalization of the «-electrons. 
The extent to which the actually observed diamagnetism exceeds the 
calculated value is most striking in ovalene. This can probably be 
explained by assuming that, owing to an appreciable delocalization, 
the x-electrons circulate not so much over the perimeters of the 
individual benzene rings as over the outer perimeter of the entire 
molecule, i.e., the x-electrons are concentrated at the periphery. 

Using this method, we can reexamine the polyene chains and ex- 
plain some details of their structure. The results of such calculations 
are listed in Table XIX. 


Table XIX 
Substance 


Biph en yl (CeHs)o 
Stilbene CeH s(HC=CH)CeHs 


Diphenylbutadiene CeH5(HC=CH)oCeHs... .. 
Diphenyloctatetraene CeH s(HC—=CH)4CgHs... 
Diphenyldecapentaene CeHs(HC=CH)sCgHs . . 


Tetraphenyldecapentaene 


(CgHs)> (C=CH)(HC=CH)3 (HC=C)(CeHs) . 


As we can See, the agreement between the calculated values and the 
experimental data is quite satisfactory. It should be emphasized that 
this calculation has been carried out with the assumption that the 
magnetic properties of the conjugated C=C and C—C bonds alternating 
in the polyene chains are the same as in normal bonds. In other words, 
the calculation assumed that, despite the definite coupling, mani- 
fested by the rise of the polarizability (see Table VI), these bonds do 
not produce any additional diamagnetism which is inherent in the 
C::::C bonds that are closed into aromatic rings. The distinct agree- 
ment between the calculated and the measured values, even in the case 
of the longest polyene chains, points to the validity of this assumption. 


Chapter VII 


SOME CONCLUSIONS AND APPLICATIONS 


1, SUSCEPTIBILITIES OF COVALENT BONDS 


The results of the study of the diamagnetism of various covalent 
chemical bonds, presented in the preceding chapters, permit the cal- 
Culation of the susceptibilities of individual bonds (Table I). Although 


Table I 


in methyl group CH3 
in methylene group CH, * 
in methine group CH * 


in ethers 

in monochlorinated 
hydrocarbons 

in ethylene 


in benzene and 
naphthalene rings 


* Except for C—H bonds directly attached to rings whose C—H bonds are similar 
to those in CH3. 
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we cannot claim that these values are, as yet, very accurate, we 
consider them to have a significant advantage over those for Ypona 
(see Ch. I, Sect. 1) in that our values, in contrast to the purely arbi- 
trary values of Pascal, reflect approximately the true facts of nature. 

As the number of compounds studied increases, and both the 
measurements and the methods of calculation are improved, the 
values given in Table I will of course be improved. It should be 
emphasized, however, that the Xa and Xp of bonds (or atoms) cannot 
in principle be rigorously constant quantities because of certain dis- 
tortions of the electron clouds caused by the surrounding atoms. 
Therefore, all additive schemes have a limited application. 

The application of Table I also is subject to certain limitations 
which must be taken into consideration, namely: 

1) An additional paramagnetism is observed in certain alicyclic 
compounds, Thus far, we have attributed it to the entire ring, for 
example, in cyclohexane and its derivatives, 7,==4.8-10 ©; 

2) In complex aromatic substances, in which the delocalization of 
x-electrons is especially pronounced, we observe a diamagnetism in 
excess of calculated. 

Of course, the simplest use that can be made of the data of Table 
I consists in applying them in order to verify structural formulas of 
the organic compounds, In this respect, our scheme can perform the 
same functions as that of Pascal. However, the fact that the data of 
Table I are real (although approximate) quantities and that they not 
only characterize the total susceptibility but differentiate it into the 
diamagnetic and the paramagnetic contributions, opens up new oppor- 
tunities for using them in solution of complex problems of physics 
and chemistry. One of these applications will be examined in the 
following paragraph, 


2, APPLICATION OF THE NEW MAGNETOCHEMICAL 
METHOD TO MAGNETIC RESONANCE PHENOMENA 


Magnetic resonance phenomena are physical processes involving 
the selective absorption of the energy of radiofrequency waves by 
particles possessing a magnetic moment and acted upon by a magnetic 
field. This field is assumed to be constant, i.e., to change only ex- 
tremely slowly by comparison to the radiofrequency field. Since the 
electronic magnetic moments of diamagnetic substances are equal to 
zero, the only particles which can participate in the resonance can be 
those nuclei whose spins /#0. Thus, nuclear magnetic resonance is 
typical of diamagnetic substances. In the presence of a constant mag- 
netic field H,, the projections of the nuclear spin /on the direction 
H, assume the values 


He Peas Pens dy. 9 SS ea eh. (1) 


The magnetic moment of the nucleus is 


p= yh , (2) 
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where the gyromagnetic ratio ; =a , & is the magnetic splitting fac- 
tor (¢-factor) of the given nucleus, and 4, is the nuclear (Bohr) mag- 
neton, 


Thus, the various projections of the nuclear spin / on the direction 
of H, are associated with the energy values 


i—} —f[—1 
+ pA ‘ + BAD oc 8 8 7 pA. —pAy> (3) 


the adjacent energy levels differing from one another by the same 


quantity ot, The electromagnetic field of frequency 
pH 
— ai (4) 


induces quantum transitions between the neighboring states of the 
nuclei. 

We do not intend to present here a detailed theory of magnetic 
resonance, but we shall try to discuss those characteristic properties 
of this phenomenon which are related to the magnetic susceptibility 
of diamagnetic substances. 

From Eq. (4) it follows that the frequency v, at which the resonant 
absorption of electromagnetic energy is observed depends on the in- 
tensity of the external field H,. The latter is naturally subject to 
distortion, first, by the mass of the substance as a whole (in the case 
of a liquid or solid), and second,by local factors. We shall not consider 
distortions of the first kind since they are closely related to the con- 
ditions of the experiment (Shape of the sample, etc.,) and depend ex- 
clusively on the average volume susceptibility of the substance xy i 


(where A is the molecular weight and p is the density). We shall 
assume that our value for the intensity of the field H, will have already 
been appropriately corrected for distortions of the first kind. 

Distortions of the second kind depend on the local fields produced 
by the electron shells of the given atom and the shells of the surround- 
ing atoms at the point where the given nucleus with spin / is located. 
Because of these local factors, the effective field H’ acting on the given 
nucleus is related to H, by the following expression: 


H' =H, (1—9), (5) 


where o is a dimensionless quantity dependent on the structure of the 
surrounding electron shells and called the “‘screening constant,’’ Thus, 
the same nucleus may experience resonant absorption at differing 
frequencies, depending on the nuclear environment. By comparing these 
shifts in resonant frequencies for the same nucleus under various con- 
ditions of chemical bonding, we should be able to detect changes in 
local magnetic fields caused by the differences inthe chemical bonding. 
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Since the local fields produced by the electron shells of the diamag- 
netic substance are due to induced moments which are created in 
the electron shells by the external field H,, they should be extremely 
closely related to the magnetic properties of the atoms (or bonds) 
surrounding a given nucleus, °< 

In nuclear resonance experiments the oscillation frequency of the 
electromagnetic field is usually kept constant, and we record those 
values of the constant magnetic field at which the resonant absorption 
is observed. Thus, for the same kind of nucleus, the different values 
of the effective resonant field are observed, depending on its chemical 
bonding. 

Let us assume that there are two systems containing the same nu- 
cleus, but in different environments, and let us further assume that a 
resonance of fixed frequency » arises in these systems at different 
effective fields H, and Hj). If one of the latter, for instance, H), is 
taken as the standard, i.e.,, H}=H;,, the dimensionless quantity 


J / 
Ag, = A, 


iT ” 


‘= 


is referred to as the ‘‘chemical shift.’’ Chemical shifts are usually 
expressed in parts per million (107°), They are related to the screen- 
ing constants « as follows: 


6 = 41 — dg. (7) 


A positive value of 6 indicates a greater attenuation (screening) of 
the external field in a given substance than in the standard material. 

The theory of screening constants shows that the screening effect 
is composed of the effect due to the shells of the given atom (the 
atomic screening constant, o,), and of the effect due to the neigh- 
boring electron shells (the screening constant pertaining to the neigh- 
boring shells, «,, i.e., 


5 == 04 oy. (8) 


The constant o e for free, neutral atoms can be computed quite accur- 
ately by standard methods, and has now been tabulated (see [40, 41]), 

The atomic screening is produced by the Langevin precession of 
the electron orbits, and is closely related to the atomic diamagnetic 
susceptibility y,,. In fact, 


Cea Opn AO 5. (9) 


°.= gmat 2s (77): (9a) 
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while the diamagnetic susceptibility (per atom, so N is omitted) is 


k 
sy 2 NY 
Kaa ~~ 6c? sed “1 * (10) 
i 


Attributing the diamagnetic susceptibility y,, to each electron cloud, 


we get yy= xy, and since* 
l 


ee 


R k R 
2 oN a 
von = Moi amet Di (-,)=— 2B (F): (11) 
i | i 

When the atom is part of a molecule, the electron shells cease to be 
centrally symmetric, which results in the appearance of Van Vleck 
paramagnetism y,, (per atom), 

Thus, the screening constant sc, becomes a second-rank tensor. 
In most cases, however, the nuclear resonance effect is given by the 
directionally averaged value 


l 
7 ama: 3 (S41) +ap9 +4433). (12) 


The appearance of Van Vleck paramagnetism practically leads to a 
decrease *°,, in the value of co, —s,, compared to that which char- 


: A 
acterizes the free atom, so that 


S44 = 9, — 94, =F (Xpa )- (13) 


As was shown by Ramsey [36], this rigorous dependence is very com- 
plex and does not lend itself to a numerical calculation, since the 
solution requires (as does the calculation of X,,) the knowledge of 
all the energy levels and all the ¢%-functions of the excited states of 
the atom. To simplify this problem, some authors have replaced the 
energy differences (F,—F£,), appearing in the denominator of the Van 
Vleck expressions, by some average £,—E,. However, such an 
approximation can hardly be considered acceptable for this kind of 
problem, Therefore, theoretical calculations of this kind cannot 
produce agreement with the experimental data. On the other hand, 
let us assume that we know the x, and x,, of each individual electron 
shell in a given atom; then the screening constants are 


“2 ay3 
*Editor’s Note: the author assumes that the approximation (+) (77) = (Ga) is valid, 
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and hence, 


R 
op —2» a): (15) 
l l 


These expressions can be replaced by approximations as follows: 


R 
I 
et cae? »y (=| ’ 


H 


re 
6, = —2 (Xan TXpa) > 3) 
i 


ri 
and 


R 
] 
tpa= — Non Dy ©) (16) 


i i 


assuming that we can determine experimentally only the y,, and Xpas 
instead of the individual y,, and  ,.. 
Thus, we can say, approximately, that 


ae (17) 


i.€., 


XpA 


(18) 


5 pa = Fada is 
Let us now turn to a discussion of the effect of the neighboring atoms, 
which is given by the constant o,, Let us imagine that a given nucleus 
A is located inside an atom bonded to some particle 8 situated at 
distance R. Particle B may be either an individual atom or group of 
atoms. In either case, the simplest method of calculation [37, 38] is 
to place at the center of B a magnetic point dipole which will repre- 
sent the action exerted on A by the electron currents present in B. 
However, it was shown by Pople [38], Aleksandrov [39], and others, 
that ff particle B is magnetically isotropic, the effect of B on A will 
be reduced to zero in the presence of the rapid thermal motion (tum- 
bling of molecules) which is characteristic of gases and liquids; in 
that case, only an average effect will be observed. 
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If the principal components of the susceptibility y, are Xe» Xe, 
and y,, and 6, 9, and 0, are the corresponding angles between the 
direction R and ‘the principal axes of B, then 


1-3 
a,=—N"° WS y, (1—3cos?0). (19) 
a", B, ( ) 


If B possesses axial symmetry, i.e., when, for example Xe, = XB, = Lay 
and xy, =X, 1,» Eq. (19) is reduced to 


Be oes 
C, =a * Ay, (1 — 3cos? 6), (20) 


where 


AX p= XB — Xap: (21) 


At the present time, we have no experimental data on the diamagnetic 
anisotropy of individual particles or individual bonds in molecules. 
For this reason, frequent attempts have been made to compute the 
anisotropy by theoretical means. However, the different but equally 
valid approximate methods lead to values of Ay, which differ among 
themselves by hundreds of percent. The lack of any at least partially 
reliable values of Ay, is an obstacle that has been noted by many in- 
vestigators [38, 39]. 

However, in Ch. II, Sect. 2, we have emphasized the fact that the 
new magnetochemical method opens up the possibility of evaluating 
Ay for systems with axial symmetry provided the directionally 
averaged ¥a and Xp can be determined from an analysis of the experi- 
mental data. Then, from Ch. II, Sect. 2, Eq. (12), 


Ayp = + 1.28 V XaBXpe — 1.9% p8- (22) 


Let us keep in mind that Eq. (22) has two values, i.e., each pair of 
values of ya, and x,, has two possible values of 4y,. To decide which 
of these two values corresponds to reality, it is necessary in each 
specific case to introduce some additional considerations, 

Having thus determined the «a, of the substance under study and 
that of the standard (<,,, ), we find 


dy = Oy — Oyst (23) 


Then, the desired value of the chemical shiftis found from the relations 


OA =OKA -OAst (23a) 

O= OA + Oy (23b) 

when Oda = Od st (23c ) 
OpA st = 0 (23d) 


and Ovst = 0 (23e) 
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In order to illustrate the use of the magnetochemical data obtained 
by our method, we present, in Table II [125], some specific examples 
of the calculation of chemica] shifts. The numerical values of xg and 
Xp, by means of which these calculations were performed, were bor- 
rowed from the preceding chapters, where the magnetic properties of 
the corresponding substances were examined in detail. 

We have indicated that, in principle, y, may be the susceptibility 
of not only an atom, but of a group of atoms. However, in such a 
treatment, R, i.e., the distance from nucleus A to the ‘‘magnetic 
center of gravity’’ of group B becomesavery definite quantity. Tedious 
and painstaking calculations by Narasimhan and Rogers [42] clearly 
indicate that the uncertainty thus introduced makes impossible even 
an approximate calculation of ¢,. It is, therefore, more expedient, in 
performing the calculation, to attribute x¥,, Y7,, etc., to individual 
atoms, taking Rk,. R,,etc., as the distances between nucleus A and the 
centers of the corresponding atoms 8B,, 8, etc. The problem is then 
confined to the distribution of y, or x, among the several atoms of a 
small group. We examined this problem before (see Ch, 2, Sect, 2), 
and came to the conclusion that y, is distributed among the atoms 
approximately in proportion to Yak, while x, is distributed approxi- 
mately in proportion to a, 


Table II 


Standard substance 


118 | o6 | — 0.58 |-0.3-0.4 |CH, 
0.7 | 0.12-0.26 | -0.5-0.82] — 0.75 |Cil4 
hiss! wae, || = See). So. ten; 
260 | 168 | - 1 ~ 1.35 |CH, 
0 0.08 |CH, 
0.67 | 1.2 ICH, 
176  |CHCO 
-158  |CH,COOH 
~100.-120 | CH 
44 ICH 


* x 
CsI solution —250440 |CsI crystalline powder 
x 

CsCl] solution -170+30 |CsCl ” ” 


x 
CsI solution —500+30 |CslI ‘s ‘ 
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On the basis of our values for the y, and x, of isolated covalent 
bonds, we can evaluate the distribution of the susceptibilities among 
the atoms forming a given bond. 

Table II shows a satisfactory agreement between the calculated and 
the experimental values (all the experimental data of § were borrowed 
from [41]); the resonating nuclei, to which the data pertain, are marked 
with an asterisk. 

Let us give some details of these calculations. 

a) Chemical shift of the proton resonance in CH, as compared to 
CH3;. We should note that in the CH, group, which is taken here as 
the standard, y,=U. This means that co, may be taken here as equal 
the the value of 18-10 °, which was calculated for a free hydrogen 
atom [41], and o,=0. Thus, 9,,=-18 - 10°, 

According to ‘the data given above (Ch. IV, Sect. 3), %pct,=9-99 - 1o°° 
Vac = — 8:10 y,,=—2-10°°. If it is assumed that y,cy, is dis- 
tributed among the C and Hatomsinproportion to their polarizabilities, 
we get 0.31 x 10°° for Xpc (in CH, ), and 0,13 x 107 ° for x, (in CH,). 

Substituting the corresponding values into (18), we get 3,4==— It (7 
10°. Further, in calculating >, we disregard the negligible effect 
of one H atom on the other as kGmpared with the effect of the C atom 
on H. From formula (22) we get two values for the magnetic anisot- 
ropy: Ayc == 148-10 ° and Ayc=—2.4- 10°°, As we know, the tetra- 
valent C atoms can rotate freely about the C—C bonds. We know also 


C C H 
that in the hydrocarbon chains \/\/\/, the ck bonds can 
C.-C. H 
rotate freely about an axis perpendicular to the plane HCH, so we 
assume that the axis of symmetry of the C atoms in the methylene 
groups is perpendicular to the plane CHC and lies in the plane CCC, 
Thus, assuming 6 =90°,* we find 


5 Sw 10, 
5.” = 0.6-107° 
Then, 
8’ = opa + Ova = 218-10, 
5” = opa + Ov"A = 9.08: 10-° . 


Comparing these two values with the experimental 6-=~-0.3~-0.4-. 10-°, 
we see that «” is considerably closer to the experimental value than 
3’. This means that Ay”=—2,4-10 > °is more correct than Ay’==1,48- 10°° 

From this it must be concluded that the magnetic anisotropy of the C 
atom in the CH, group is equal to -2,4 - 10°°, and that, consequently, 
the diamagnetic susceptibility of carbon along the above-indicated 
axis is greater than the susceptibility in the directions perpendicular 


*Ed Note: The validity of this assumption is subject to dispute, 
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to it; i.e., the electron shells of the carbon atom in methylene groups 
are slightly flattened in the direction of these axes. 

b) Chemical shift of the proton resonance in ethylene as compared 
to methane, First ofall, letus note that as we have seen above, in meth- 
ane 7,0, whence o,=—0 and o,=— 18: 10°, i.e., Sg¢¢== 18 - 1078, 

Further, as shown by our analysis of the experimental data, the 
total Van Vleck paramagnetism of the ethylene molecule amounts to 
~5.5-10°. 

Taking into account that, as we have Seen, one mole of H atoms in 
methylene groups contributes 7,1—=0.13-10 °, we can say that the car- 
bons in ethylene have a paramagnetism equal to about 7)c22.5-10°. 
From the preceding discussion it follows that opa——J1.17-10°° for 
the proton of themethylenegroup. Tocalculate o,, one should remember 
that in the ethylene bond, the symmetry of the carbon atoms is deter- 
mined by the x-electrons, which form ‘‘dumbbells’’ whose axes are 
perpendicular to the C—H, plane, If the bridges between these dumb- 
bells are neglected, the entire anisotropy of the C=C bond can be 
attributed to each C atom separately. We thus obtain 

SS 20%, Ayo = — 94-10%. 

The presence of bridges between the z~clouds will apparently mani- 
fest itself in the fact that the clouds will seem to be somewhat flattened 
along the dumbbell axes. It is natural to assume, therefore, that Ay 
corresponds better to the characteristic structural properties of the 
C=C bond than does Ay., 

On the basis of these considerations, and neglecting the slight 
interaction of the protons, we get: 5, =—4.4- 10-6, whence 6=dpa + 
5y =—5.57-10°°, whereas the experimental value is —5.2-10-6. 

c) Chemical shift of the proton resonance in acetylene, C,H, as 
compared to methane, CH;. As in the preceding case, the proton 
screening constant in the standard specimen is >o,,=18-10°°. 

Further, from the data for the methine group (CH) discussed 
above (Ch. V, Sect. 2), we obtained 7,~0.8-10 °, Thus, the hydro- 
gens in the methine group have /pH = 93-107°, whence 54, ——2.6-10°°. 
It is known that the triple bond C=C has axial symmetry along the 
direction of the bond, i.e., 6=0. Our analysis of the experimental 
data (Ch. V, Sect. 2) shows that 


Veeco 1462.10; 
and 
Vee 26210", 
so that on the basis of (22) we get the two values Ay._. =—11,4- 10° 


and Ayi..= 4-10 ° for the magnetic anisotropy of the acetylene bond. 
Since the axis of symmetry of the C=C bond coincides with the di- 


: 2AxX c= 
rection of the bond, #=0, and hence, o,=— ae 
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The structure of the triple bond C=C (Fig. 30) suggests that 7.d\ 
should be numerically greater than da,» i.e., that Ay _. is closer 
to reality than Ay{_.. Since the carbons of acetylene exist under 
Strictly identical conditions, we shall replace the effect of the two 
atoms by that of the corresponding magnetic dipole, located in the 
middle of the C==C bond and parallel to the axis of the bond. 

Substituting the value of Axc=c into the expression for s,, we ob- 
tain %—1,68-10 °, and hence, 


while the experimental result is 
5 = — 1.35-10°°. 


It should be noted that it is precisely the positive sign of o, that is 
responsible for the low value of the chemical shift in acetylene as com- 
pared with ethylene, This fact was first correctly emphasized by Pople 
[38]. However, by carrying out a purely theoretical calculation, he 
obtained o,= 10-10 ° for acetylene, a value that is apparently much 
too high. 

d) Chemical shift of the magnetic resonance of the C nucleus for 
the C=C bond in olefins, as compared to CH,. Since, as we have seen, 
Xpcu, 9, it can be assumed that the screening constant os, of the car- 
bon nucleus in the methyl group is virtually the same as the value 
calculated for an undistorted carbon atom, i.e., o, = 261 - 107° (41). 

On the other hand, our analysis shows that in olefins, Xpcec =! 10°, 
le., dy,=3.5- 10° per atom-mole. The Langevin susceptibility com- 
ponent per mole of carbon atoms is y,—=—8.7-10 °° in this case. 

Using relation (18), we obtain 


SpA =— 105-10°°. 
As for o,, which is due to the effect of the neighboring C atom ona 
given nucleus, we find 4y.=—12-10-®, and hence, §,=—3. 10°. 
Thus, 


5=opa +68, =—108-10°°, 


while the experimental value is 5 = —100~ — 120-10”. 

The cited examples are intended to give a clear understanding of 
the path we followed in carrying out the calculations for the data of 
Table II, These calculations are, of course, given simply for orienta- 
tion purposes and do not claim to be accurate in any way. However, 
in our opinion they do indicate that the concepts developed here allow, 
in many caSes, interpreting the experimentally obtained values of chem- 
ical shifts of nuclear resonance so that details of the structure of the 
electron clouds are revealed. We should also remember that the 
anisotropy of electron clouds, which we studied by the magnetochemical 
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method, sometimes plays an important part in the mechanism of 
nuclear spin-lattice relaxation. All the above considerations mean 
that a properly conducted investigation of diamagnetic susceptibilities 
can be useful in the studies of nuclear resonance, 


i} 


3. APPLICATION OF THE NEW METHOD TO DIAMAGNETIC 
AND WEAKLY PARAMAGNETIC COMPLEXES [132] 


Magnetochemical investigations play an important part in the study 
of complexes. Of particular use are the magnetostatic measurements 
of the susceptibility of those paramagnetic complexes in which the 
susceptibility decreases with a rise in temperature in accordance 
with either the Curie or the Curie-Weiss law. 

In these cases, the measurement of the susceptibility over a wide 
temperature range allows the determination of the electron configu- 
ration of the central atom. On the other hand, the study of diamagnetic 
or weakly paramagnetic complexes with temperature-independent sus- 
ceptibilities thus far, has not provided any information other than prov- 
ing that these complexes lack an intrinsic moment, 

For this reason, often no attempts are made to obtain the numerical 
value of the susceptibility in such complexes, In those cases where 
the susceptibility has been measured, the accumulated data have al- 
most never been utilized, 

It is of interest, therefore, to try to extract from these existing 
numerical data some information on the electronic structure of com- 
plex compounds. 

The main problem with which we shall be confronted here is the 
application of our method to the determination of the configuration 
of the central atom in the diamagnetic and in some weakly paramag- 
netic complexes of the transition elements, 

The course which we intend to follow in our investigation consists 
in the following: let us designate a complex molecule (or ion) by M,Ly 
where M is the atom of the transition element and L is an atom or 
an atomic group forming the ligand. We assume that we know &, 
x and a of this molecule, as well as the geometrical arrangement of 
the ligands with respect to the central atom. The problem then be- 
comes as follows: based on all these data, what is the most probable 
configuration of the central atom? 

We assume a priori that the bonds between M and L are essentially 
covalent, On the basis of the data on the symmetry of the complex, we 
find from the well-known quantum concepts the most probable hybrid- 
ized orbitals linking M with ligands L. 

However, we still do not know the distribution of charge among M and 
the aggregate of L. If we start from the data on hybridization, we can 
assume several possible variants of the charge distribution. In order 
to find out which is the most probable, we shall calculate the dia- 
magnetic component of the susceptibility xz of these several variants, 
and shall compare them with the ‘‘experimental’’ value of xg, i.e., 
that determined from the experimentally measured a. 
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In calculating these variants we proceed as follows: we calculate 
the contribution of the diamagnetism of the central atom y, to the 
various configurations and ionic states by means of the approximate 
methods of Slater [48] or Angus [49], in the same way as was indicated 
above. We take the average of these computed values as the theoretical 
value of yz. Such an averaging introduces an inaccuracy of 2 to 5%; 
however, the error becomes smaller as the atomic number of the 
element increases, 

To calculate the susceptibility contribution of the ligands L, we 
shall use the data which we obtained in the preceding chapters while 
describing the magnetic properties of the various diamagnetic groups. 

In calculating the total yx, of a given complex, we also make use 
of the already~cited additivity of the contributions to the diamagnetism; 
i.e., we assume that 


XdM Lp, > Xam + DUXGL - 


Let us take an an example iron pentacarbonyl, Fe(CO)., for which 
the following data were experimentally obtained (see Table I): 


Table I 
Fe (CO)s 


From the structural data (which indicate a bipyramid) it follows 
that the strongest covalent bonds can be formed via the hybridized 
orbitals 3d, 4s and 4p°, Obviously, in this case the iron atom can 
assume only the following configurations, depending upon the charge 
that it is carrying: 


Fes (d’s p3); Fe~ (d5s p3); Fet (d3s p3); Fe** (ds p>). 


It is readily seen that if the central atom were present in the states 
Fe2-, Fe® and Fe?+, this hybridization could be achieved only through 
participation of higher levels; for this reason, we consider these 
states to be rather improbable. 

Since the Fe(CO);, molecule is neutral as a whole, the following 
variants of the charge distribution are possible: 


(A) Fe? [(CO).]**; (B) Fe~ ((COs)]*; (C) Fet [((CO) 51; (D) Fe3+[(CO.)]>— 


Keeping in mind that xj¢9=-17 x 10~°, and that the presence of 
one excess + charge should change this susceptibility by approximately 
+3 x 10-6, respectively, we shall calculate the diamagnetic suscepti- 
bility x, of the entire Fe(CO); molecule for different structural 
arrangements (see Table II). 
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Table If 
Fe (CO)s 


6 
“Xd re bd 10 


calc.,for the Fe atom 


Arrangement 


Comparing the values of x,..,. (Table II) with the actual x, =-160 - 
10-° (Table I), we see that arrangement B (y,.,,.=-152 x 10-°) seems 
the most probable. 

In the (d5sp%) configuration, the Fe~ ion has 9 unpaired electrons, 
On the other hand, each carbonyl group has two unpaired spins, but 
the presence of a unit positive charge on the ligands also reduces the 
total number of their unpaired spins to 9. Thus, all the spins of Fe™ 
are compensated with the two-electron bonds to the ligands. Recalling. 
that the internal Van Vleck paramagnetism of the group >C—Ois 
equal to~ 9.5 - 10-6 and that of the group —C=O+* equals 3 - 10~°, 
we see that five Fe-C bonds account for a paramagnetism of ~25 - 10-° 
Each of these bonds has, apparently, a 90% double character. This 
means that a 100% Fe=C bond will have Xp,.-, ~ 5.5 + 10~-®, 

In conclusion, we should note that while the arrangement B was 
found to be more probable from the standpoint of diamagnetism than 
the arrangement C, Barinskiy’s [133] study of the x-ray absorption 
spectrum led to the conclusion that a positive charge of +4 was present 
on the Fe atom of this molecule. The reason for this divergence of 
conclusions is thus far unexplained, 

Next, we shall treat K,Fe(CN), in the same manner as Fe(COQ)-; 
(see Table III), 


Table III 


K4Fe (CN)¢ 


Since Xgx+=—14 - 10-6 [1], Xd[ Fe(CN),]*7~ =-146 - 10-°. 

Since the cyanide groups are arranged octahedrally, we would 
assume that the central atom will form a strong covalent bond with 
these groups by means of the hybrid orbitals 3d24s4p°?, In the com- 
plex ion [Fe(CN)]*, this type of bond can be formed by the follow- 
ing configurations of the iron atom: Fe-(d° s p3); Fe° (d4s p3) and Fe2* (d2s p°) 
The following arrangements of charge distribution should correspond 
to these configurations: (A) Fe2-[(CN)512-; (B) Fe°[(CN)6]*; (C) Fe*+{(CN)6]°~. 
Keeping in mind that xgcy =-16.10-© , and that a charge variation of 
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+1 will change Xgcn by +3 - 10-6, we can calculate the y, of the com- 
pound (see Table IV), 


Table IV 
[Fe (CN)¢]4- 


.10° 


as’ ra 
Xd re 


-Xq' 10° calc. 


Arrangement 
8 calc. for the Fe atom 


Comparing the x,=-146 - 10-° with the data of Table IV, we see 
that both the B and the C arrangements give results which are equally 
Close to the experimental. If they are indeed equiprobable, then we 
Should attribute, on the average, a charge of ~ +1 to the Fe atom. 

Let us now turn to the paramagnetic component of the susceptibility. 
The internal paramagnetism of -C=N is equal to 3 - 10~° Assuming 
that the Van Vleck paramagnetism of >C=N° is equivalent to the para- 
magnetism of the isoelectronic group >C=O, we obtain (assuming 
equal probability of the arrangements B and C) Xpre=c= 6.3 - 10-° for 
a 100% Fe=C bond. 

It is interesting to note that in the paramagnetic compound K3Fe(CN)¢ 
(which obeys the Curie-Weiss law), the molecular ion [Fe(CN),] has 
-Xg=-143 - 10-6 (on the basis of polarizability data). Here, the 
charge on the cyanide groups should be one unit less than in K,Fe(CN)¢, 
and the hybridization of the Fe atom should apparently be the same as 
in a diamagnetic complex. This leads to the assumption of presence of 
one‘‘net’’spin in the [Fe(CN)s]> ion as a whole. In this case, also, the 
atom should carry, on the average, a charge of +1, which agrees with 
the data obtained in the study of the x-ray absorption spectrum [133]. 
It should be noted that we could also obtain more extensive information 
on the structure of such paramagnetic compounds as K3Fe(CN), if the 
temperature-independent fraction of their susceptibility were deter- 
mined experimentally. Unfortunately, this aspect of the problem has 
not attracted sufficient attention thus far, 

Let us now turn to the diamagnetic compounds of platinum, K,[Pt Cl4], 
K,(Pt(NO»)4 and K[PtCle], whose x and x, values are shown in Table V. 


Table V 


6 
age lO 


complex ion 


K5 [PtCl 4] 
K> [Pt (NO>)4] 
K5 [PtCl,] 
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In the ions with double charge, (PtCl,]2~ and [Pt(NO2)4]?-, we may 
expect that the platinum atom has the configurations 


(A) (d9s p2) Pt2-; (B) (d7 s p2) Pt®; (C) (d?s p?) Pt?*, 
and for the octahedral ion [PtCle]*, 
(A) (d8 5 p3) Pt?-; (B) (d°s p3) Pt®; (C) Pe?*(d4 s p>) 


Table VI compares the data of the last column of Table V with the 
calculated values of Xqcanpex for the various arrangements. 
lon 


Table VI 


(PrCl4]2- 
(Pt(NO>) 4127 
(PtCl_]2- 


The most probable arrangement for the first and last of these com- 
plexes is B, in which the platinum atomis neutral and the total negative 
charge is concentrated on the ligands. For the [Pt(NO.)9]?~ ion, the 
arrangements B and C are equivalent, 

Let us now consider some nondissociating platinum complexes. 
Table VII lists the corresponding starting data. 


Table VII 


(Pt (NH3)9Clo] cis 


[Pt (NH 3) Clo] trans 
(Pt (NH 3)9Cl4] cis 
[Pt (NH) 2Cl 4] trans 


If the platinum atom in these complexes is also present in the form 
of the neutral Pt°, we must assume that it has the configuration (d’ s p2), 
in tetrahedral complexes (the first two compounds), and (d°sp3) in the 
octahedral ones (the last two). The diamagnetism of the covalently 
linked chlorine is  Xjc¢,; =-19 - 10-®, and that of the ammonia mole- 
cule is Xanu,> -14 to -15 + 10-6, Thus, the calculation gives -126 
to ~-127 - 10-6 for the total diamagnetism of double-charged com- 
plexes, and -172 to ~-174 + 10~-°® for the octahedral complexes; this 
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is in good agreement with the data of Table VII. The calculation of 
the variants, in which the platinum carries a charge of 2+ or 2-, leads 
to -113 + 10-° and -202 - 10~-°, respectively, in the case of double- 
charged complexes, and to -158 - 10-6 and -235 - 10-6, respectively, 
in the case of octahedral complexes, In other words, these variants do 
not conform at all to the experimental data. 

As examples of weakly paramagnetic complexes (witha temperature- 
independent susceptibility) we shall consider K>[Cr.07] and K[MnOq|, the 
experimental data for which are given in Table VIII. 


Table VIil 
Was 10° 
complex ion 
K5(Cr207] 
K [MnO4] a 3 


In the trial-and-error calculation of the different variants we keep 
in mind that a neutral covalently bound oxygen has a xyyo=-8 ° 10~-, 
and that the presence of one negative unit charge on the oxygen in- 
creases the diamagnetic susceptibility by -3 to -4 - 10-6. 

The calculation and comparison with the data of Table VIII show 
that the most probable configurations are: for the chromium in the 
complex ion [Cr,07]2-, it is Crt+(d°), and for manganese in the ion 
[MnO,]~, it is Mn2+(d>), In the first case, the seven oxygen atoms 
carrying together a charge of -4 have ten unpaired electrons which 
form ten two-electron covalent bonds with the two Cr” ions. Each of 
the Cr—O linkages is approximately 57% of a double bond. This means 
that a 100% Cr=O bond has a paramagnetism of +37 + 10~-°, 

In the complex ion {MnO,]7, the four oxygen atoms together ap- 
parently carry a charge of -3. The five unpaired spins left in the four 
ligands form five two-electron bonds with Mn'(@d°), Each of the four 
Mn—O linkages assumes a 25% double-bond nature and is associated 
with a paramagnetism of ~15.5 - 10-6 Hence, a 100% Mn=O bond 
has a paramagnetism of ~+62 - 1076, 

In addition to the above complex ions, it is useful to consider the 
uranyl ion [UO,]?+, for example, in the diamagnetic compound [UQ2] 
(NO,)-6H20. The experimental magnetic data for this compound are 
given in Table IX. 


[UO 4] (NO3)2-6H20 Table IX 


-¥,°10° 


uranyl! ion 
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In calculating the last column it was assumed that Xa (no;) =-35 - 
10° and XdH,o = -12 + 10-© (for the water of crystallization). 

Since the uranium atom is obviously more positive than the oxygen 
atom, it must be assumed that the entire +2 charge of the uranyl ion 
is associated with the uranium atom itself. The stability of the uranyl 
ion seems a proof of the covalent nature of the U—O bonds, Calcula- 
tion shows that the U2+ ion in the uranyl group is associated in this 
case with a diamagnetism of -56 - 10-6, which corresponds rather 
closely to the configuration U2'(5f*), for which xgy2*+ =-52- 1076, 
It is possible that the divergence between these values is due to the 
presence of an admixture of configuration (5{°6d)U2+, so that the 6d 
orbitals participate to a small extent in the U—O bonds. If the internal 
paramagnetism of the (NO3)" ion, Xprno,y =17.10~®, taken into account, 
then the two linkages between the uranium and the oxygen will have a 
paramagnetism of 129 - 10~°, Thus, the paramagnetic susceptibility 
component of the uranyl ion is numerically greater than the diamag- 
netic part, i.e., the isolated uranyl ion is weakly paramagnetic. 
In this ion, both bonds are double, so that Xpy-o0 = 65.10~-°. 

As was emphasized by Belford [139], the assumptionof participation 
of the 5f orbitals in the U=O bonds provides the most natural explana- 
tion for the appreciable Van Vleck paramagnetism of the uranyl ion, 
which Belford estimates to be ~100 - 10-6, Eisenstein [140] also 
suggests that it is the 5f orbitals of the U2* ion which form ~-bonds 
with the 2p orbitals of the oxygen. Our results confirm these concepts. 

One interesting aspect of the problem is the huge Van Vleck para- 
magnetism manifested by the double bonds between transition elements 
and oxygen: Xpc-o = +37.10-% Xpmn-0 = +62.10°§, Xpu-0 = +65.10~% 

In conclusion, let us turn to the diamagnetic ferrocene complex 
Fe(C,;Hs)., which has lately attracted considerable attention among 
physicists and chemists. The principal magnetic characteristics of fer- 
rocene are listed in Table X, 


Table X 


Here, xX; is that component of the experimentally measured sus- 
ceptibility which is perpendicular to the planes of the cyclopenta- 
dienyl rings, Xj}, and Xj), are the components parallel to the plane of 
those rings; their average value X\,,=-108.5 - 10-6. The significant 
magnetic anisotropy of the ferrocene molecule, close to that of ben- 
zene, provides conclusive evidence for the aromaticity of the cyclo- 
pentadieny] rings. 

One is further impressed by the extremely small Van Vleck para- 
magnetism x, = 12 + 10~°, whose order of magnitude (10 - 10°) is 
also close to the x, of benzene. 
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If it is assumed that the x, of ferrocene is associated with the 
n-electrons of the aromatic cyclopentadienyl rings, it is possible to 
estimate, on the basis of the \,, the number of delocalized 7-electrons 
in ferrocene. This is because (other things being equal) x, should be 
proportional to the number n of electrons on the ring. Each ferrocene 
ring is associated with a Xpc,=6 + 10~°, Since there are six 7-elec- 
trons in the benzene ring for a \,c,=10- 107°, then there should ob- 
viously be 3.6~4 7z-electrons on each ferrocene ring. The same 
conclusion can be reached independently and directly by starting from 
the diamagnetic component of the ferrocene 7-electrons; this com- 
ponent Xg7}, iS perpendicular to the plane of the molecular rings. 
According to Eq. (7) [Ch. VI, Sect. 2]. 


er ) 
Nda1~ 9 X| — Xd 


Substituting into this expression the values of x, and xq, given in 
Table X, we find Xa7, = -31.5 - 10~°, i.e., for one cyclopentadienyl 
ring in ferrocene Xg7c,=-16 - 10~°, | 

However, in the benzene ring Xdrc,| =-44.4 - 10-6. If it is assumed 
that the diamagnetism of the 7-electrons is due to the simple inductive 
effect in a network with zero resistance, then, aS was once shown by 


S 
Pauling, Xu, = a where S is the network area, L is its perimeter, 


and n is the number of z-electrons, The length of the C::::C linkages 
is the same in benzene and ferrocene. Denoting by ns and ng the num- 
ber of 7z-electrons in the ferrocene and benzene rings, respectively, 
and by Ss and S¢ their respective areas, we find 


XdnCz | 6 Sn, 


XdaCg | ; 5 S2n. 


S</S, = 0.662,..ne=6 and y= 0.362, we find n,;=4.1 ~ 4. 

Thus, using the magnetochemical data, we conclude from two inde- 
pendent methods that the diamagnetism of each of the cyclopentadienyl 
rings of the ferrocene molecule involves four 7-electrons, whereas 
structural arguments would cause one to expect five 7a-electrons. 

Let us now attempt to find the diamagnetic contribution of the iron 
atom and its configuration in the Fe(C;H,;), molecule. The total 
susceptibility in the direction parallel to the plane of the rings is 
X = —108.5 - 10-6. The diamagnetic component is Xqy = X14 ~ Xpj. 
By virtue of the symmetry conditions we can assume Xp; = 0, an 


then x,, == Xp. Thus, in the ferrocene molecule Xq)=-126 ° 10-6, 


It is known that if the diamagnetism of the delocalized 7-electrons 
of benzene is excluded, then Xa¢c,H,=-50 + 10~°, 

Considering that xXgu=-2 - 10-°, we find Xa,,=-6.33 - 107° for 
one C atom in the aromatic bond. Let us use these data in the calcula- 
tion of the diamagnetism of the hydrocarbon frame of the ferrocene 
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molecule. If the delocalized z-electrons are not taken into account, 
then XdciHy = -83.3 *- 10-6 Comparing Xdcj9Hi and Xd\\FeCioHio 
(since the delocalized 7-electrons, for all practical purposes, do not 
participate in this diamagnetic component), we find Xa,,=~-43 ° 10-6, 

As we have seen above, only eight of the ten 7-electrons present 
participate in the diamagnetism of the delocalized 7-electrons of 
ferrocene. This fact can be interpreted in two ways: 

1) One z-electron from each of the two cyclopentadienyl rings 
has been completely transferred to the iron atom, forming the con- 
figuration Fe2-(d!®); or, 

2) Each of the ten delocalized ~-electrons participates in the 
diamagnetism of the rings only to the extent of about 80%, forming 
at the same time eight to ten donor-acceptor bonds with the Fe atom. 

In both of these cases, the Fe atom would have no magnetic moment, 

In the first case, the theoretically calculated diamagnetism of Fe? 
(d!°) is equal to -46 - 10-°, which is not very different from the 
value of -43 + 10-6 which we found from experimental data. In the 
second case, the valence state of the Fe atom, which involves the 
formation of eight to ten donor-acceptor bonds with the z-electrons 
of the rings, should be associated with a configuration similar to 
Fe°(d‘sp3), the diamagnetism of which is calculated tobe ~-50 - 10~°. 

However, the first case would correspond to a purely ionic bond 
between Fe and the rings, and this is rather improbable. It does not 
agree at all with either the theoretical calculations of Dyatkina and 
Shustorovich [135] and others [136], or with the experimental data of 
x-ray spectroscopy [133]. 

The second case can, in principle, be made to agree with all of 
these data. The fact that the observed contribution of the diamagnetism 
of the iron (-43 - 10-6) is found to be somewhat smaller than the 
theoretically expected value for Fe®(d+sp%) (-50 - 10-5) may be ex- 
plained by the presence of a small positive charge (+0.33) on the 
ferrocene iron atom; in this case, it would be considered that the 
diamagnetism of Fe'(d3sp%) is equal to -40 - 10-6, According to [133], 
the charge is equal to +0.4. However, it should be kept in mind that 
our method is not adequate for numerical determination of such small 
charges. 

The above examples of complexes of Cr, Mn, Fe, Pt and U clearly 
demonstrate that the application of the new magnetochemical method 
to diamagnetic and weakly paramagnetic complexes (with a tempera- 
ture-independent susceptibility) allows the approximate determination 
of their most probable configuration and of the charge on their heavy 
atoms, aS well as certain other characteristics of the chemical bonds 
between these atoms and the ligands. To our knowledge, there is at 
the present time no other method providing this kind of information 
by such simple means, 

Since the temperature-independent term is present in the mag- 
netic susceptibilities of all the paramagnetic and the antiferromagnetic 
nonmetallic substances, it is apparent that the above-described method 
can, in principle, be applied to all of these substances. To this end, 
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it is necessary to separate and reliably measure the temperature- 
independent fraction of their magnetic susceptibility. This problem 
has not been experimentally approached thus far, but theoretical 
consideration already indicates several ways of solving it. We shall 
not dwell on this matter here, but shall simply note that it should be 
of considerable interest. 


APPENDIX 


DETERMINATION OF THE MAGNETIC SUSCEPTIBILITIES 
OF BUTANE, ETHANE, METHANE AND ETHYLENE BY 
EXTRAPOLATION OF THE EXPERIMENTAL DATA 
TO HOMOLOGOUS SERIES 


The numerical values available in the literature for the suscepti- 
bilities of a number of gaseous substances (CH,, C, H,;, C,H, and 
C, H,) produce some serious doubts when viewed from the theoretical 
standpoint. On the other hand, from a purely experimental point of 
view, the susceptibility measurements in gases are much less reliable 
than those in liquids. We have attempted to determine the molar 
susceptibilities of the above substances by using the extrapolation 
method and applying it to the existing reliable data determined on 
liquid members of several homologous series. In so doing, we took 
account of the well-established fact that, in the absence of association 
phenomena, the molar susceptibilities do not undergo change in the 
transition gas liquid. 

To determine the susceptibilities of butane and ethane by extrap- 
Olation, we chose the following series (see Fig. 36): 


—YX- 10° 
CH, CH, 
iH 
2,2,3-Trimethylbutane H,C—C—-C—CH, 88,36 
CH, H 
CH, H 
2,2-Dimethylbutane | | 76.24 
| 
CH, H 
CH, H 
2,3-Dimethylbutane a 
H,C—C—C—CH, Sena 
| 
H CH, 
CH, H 
Isopentane (2-methylbutane) || 64,40 


CH,—C—C—CH, 
| | 
H H 
174 
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-z-10° 
110 


109 


90 2,2,3-Trimethylbutane 
80 2,0-Dimethylbutane 

2,2-Dimethylbutane 
70 

2—Methylbutane 
60 
be 
Butane 
50 aN 
~“ 

40 


0g | 2 3 4 
Number of H-atoms outside the methyl groups. 


~O-Measured susceptibilities 


FIG, 36, Determination of the magnetic suscep- 


dbilities of butane by extrapolation of the experimental 
data, 


We thus obtained the following susceptibility values (see Table I). 


Table I 


6 
—Xextr’ 10 


50.3+0.8 [121] 
liquid 50.0+0.8 [121] 


Butane 52.54+1.0 as [84] 
gas 


To determine the susceptibilities of ethane and methane, the 
following series was used (see Fig, 37): 


—yX- 108 
CH, 
Tetramethymethane | 
(neopentane) a 63.1 
CH, 
H 
| 
Isobutane H,C—C—CH, o1,7 
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Propane H,C—C—CH, 39.6 


Thus, for ethane, C, H,, 


Loncte = 27.5 1.0. 10°, 
whereas 
Xmmeag (B28) = — 27.3 - 107° {84}, (— 26.8 + 0.8) - 1078 {121}. 

In the same way, we obtained for methane, CH,, Xexy = -16+0,.5 x 
107°, while the old measurements of gaseous methane [84] gave 
Xmeas == — 12.2 X 10°, and the latest measurements, Xmeas= —17.4 + 
0.8 x 10~° [121]. 


Tetramethylmethane 
60 
lsobutane 
50 
40 Propane 
a 
30 *‘g Ethane 
‘ 
~ 
> 
20 My 
‘fa Methane 
o> % 


~‘ 


4 3 2 / 
Number of methyl groups in the molecule 


——O— Measured susceptibilities 


FIG, 37, Determination of the magnetic suscepti- 
bilities of ethane and methane by extrapolation of the 
experimental data, 


In determining the susceptibility of ethylene, C, H,, by the extrap- 
olation method, we used the data of the following two series: 


Series | —y-10° 
Tetramethylethylene. . C,(CHs), 65.9 
2-Methylbutene. . . . C,H(CH3), 54.7 
trans- 2-Butene .. . C,H2(CH3). 43.3 


Propene . . . . . . C,H,(CHg) 31.3 
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Series Il —yz- 10° 
Tetrachloroethylene . . . . C,Cl, 81.6 
Trichloroethylene . . . . . C,CI,H 65.8 
1,1-Dichloroethylene . . . C,H,Cl, 49.2 
cis- 1,2-Dichloroethylene . . C,H,Cl, 51.0 
trans- 1,2-Dichloroethylene . C,H,Cl, 49.8 
Chloroethylene . . . . . . C,H,Cl 35.1 
X19 6 
90 
80 Tetrachloroethylene 
70 
Trichloroethylene 
Tetra- 

60 + methyl- 

_| ethylene 


1,1 
Dichlorethylene {1,2 cis 
1,2 trans 


50 2-Methyl-2-butene 


2 -trans- Butene 


Chloroethylene 
J0 


20 


10 


Q / 2 3 4 
Number of H atoms outside of the methyl groups 
ovr Measured susceptibilities 


—o— Measured susceptibilities 


FIG, 38, Determination of the magnetic susceptibility of ethyl-~ 
ene by extrapolation of the experimental data, 


We thus obtain (Fig. 38) for ethylene, C, H,, the X,,,.=— 2041 x 
10~°, whereas older literature data for gaseous ethylene give Xmeas= 
-12.0 x 107° [84] and -15.3 x 107° [95], and new data give - (18.8 + 
0,8) x 107° [121], 
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